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Abstract: The  rapid  advancement  of  information  technology  has  heightened  interest  in  complementary  devices  and  circuits.
Conventional  p-type semiconductors  often lack  sufficient  electrical  performance,  thus  prompting the search for  new materials
with  high  hole  mobility  and  long-term  stability.  Elemental  tellurium  (Te),  featuring  a  one-dimensional  chiral  atomic  structure,
has emerged as a promising candidate due to its narrow bandgap, high hole mobility,  and versatility in industrial  applications,
particularly  in  electronics  and  renewable  energy.  This  review  highlights  recent  progress  in  Te  nanostructures  and  related
devices,  focusing on synthesis methods,  including vapor deposition and hydrothermal synthesis,  which produce Te nanowires,
nanorods, and other nanostructures. Critical applications in photodetectors, gas sensors, and energy harvesting devices are dis-
cussed, with a special emphasis on their role within the internet of things (IoT) framework, a rapidly growing field that is reshap-
ing our technological landscape. The prospects and potential applications of Te-based technologies are also highlighted.
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1.  Introduction

Conventional  inorganic  p-type  semiconductors  suffer
from  low  carrier  mobility  and  localized  valence  band  maxi-
mum,  limiting  their  electrical  performance.  While  significant
research  has  been  directed  towards  n-type  semiconductor
materials,  new  p-type  materials  have  not  garnered  equiva-
lent  attention.  Nonetheless,  some new p-type materials,  such
as  elemental  tellurium  (Te),  exhibit  higher  hole  mobility  with
excellent  environmental  stability.  Since  its  discovery  in  1782,
Te has continually attracted scientific interest, with its physico-
chemical  properties  being  extensively  studied  throughout
the  19th  century[1].  In  recent  decades,  Te  found  applications
in  optoelectronic  devices,  including  photoconductors  and
infrared  detectors.  In  2001  and  2007,  researchers  further
explored  the  diverse  properties  of  Te  alloys  and  their  use  in
gas  sensors,  enhancing  the  popularity  of  Te.  The  continuous
exploration  of  its  thermoelectric  and  ferroelectric  properties
inspires further research and development in this field[2−5].

The  investigations  of  Te  have  been  re-visited  in  recent
years,  establishing  it  as  a  critical  semiconductor  material  for
next-generation  devices  and  circuits.  This  is  attributed  to  the
unique properties of Te, such as its photoelectric[6, 7],  thermo-
electric[8],  and  piezoelectric  characteristics[9].  Unlike  some
nanostructures  that  require  complex  preparation  processes
and  strict  stoichiometric  ratios,  elemental  Te  stands  out  due

to its  superior  physical  performance.  However,  devices  based
on  elemental  Te  still  face  challenges  related  to  stability  and
durability, necessitating further research to ensure high mobil-
ity and air stability.

This  paper  reviews  recent  breakthroughs  related  to  ele-
mental Te, focusing on synthesizing nanostructures with vari-
ous  morphologies,  the  mechanisms  underlying  different
devices'  physical  responses,  and recent research applications.
First,  we  reviewed  elemental  Te's  crystal  structure  and  intrin-
sic nature, emphasizing preparation methods for various orien-
tations  and  shapes.  After  that,  we  discuss  the  prospects  and
challenges of recent applications, including photothermoelec-
tric detectors (PTEs), field-effect transistors (FETs), and gas sen-
sors.  It  is  worth  to  note  that  several  comprehensive  review
papers  about  Te-based  electronics  and  optoelectronics  have
been reported before[10, 11]. 

2.  Structure and properties of elemental Te

The  crystal  structure  of  a  material  determines  its  chemi-
cal  and physical  properties.  Elemental  Te  exhibits  remarkable
properties,  including  photoelectric,  thermoelectric,  and  pho-
tothermoelectric  characteristics,  attributable  to  its  unique
atomic  arrangement  and  strong  spiral  structure.  In  this  sec-
tion, we will delve into Te's distinctive chain-like crystal struc-
ture and its associated properties. We will also highlight stud-
ies  on  the  physical  properties  of  Te,  particularly  in  computa-
tional  molecular  dynamics  and  density-functional  theory
(DFT).  This  comprehensive  examination  aims  to  understand
the better intrinsic qualities that make elemental Te a promis-
ing material for various advanced applications. 

2.1.  Crystal structure

The  elemental  Te  crystal  structure  consists  of  helical
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chains  of  bonded  atoms  arranged  in  a  hexagonal  array,  as
shown  in Fig.  1(a).  Crystal  Te  belongs  to  the  hexagonal  crys-
tal  system  and  has  high  symmetry.  In Fig.  1(b),  Te  atoms  are
combined  through  van  der  Waals  forces  to  shape  a  hexago-
nal  structure.  In  addition,  its  symmetry leads to the existence
of  enantiomeric  forms  containing  opposite  chiral  helices,  the
right-handed  helix  belonging  to  the  space  group  P3121  and
P3221  with  opposite  rotational  properties[12],  as  shown  in
Fig.  1(c).  The  three-dimensional  structure  of  Te  helical  chains
has  been  displayed  in Fig.  1(d)[13].  Recently,  Zhu et  al.[14]

derived that Te has three phases of two-dimensional elemen-
tal  Te  (α-Te  and γ-Te)  and  tetragonal  (β-Te)  structures,  which
are presented in Figs. 1(e)−1(g). Both α- and γ-Te phases indi-
cate  threefold  and  sixfold  coordination  structures,  respec-
tively,  while  the β-Te  phase  demonstrates  a  hybridization  of
threefold  and  fourfold.  Among  these  different  phases, α-Te
and β-Te  exhibit  room-temperature  stability  because  of
their  higher  cohesive  energy  (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, so is unstable above 200 K. Nowa-

days,  Yan et  al.[15] reported  two  other  ultra-stable  novel
allotropes  of  Te  few-layers  in  calculations,  namely  metallic ε-
and ζ-phase  Te  few  layers.  The  unique  trilayer  arrangement
of  Te  leads  to  various  intriguing  properties  of  Te  atoms  in
different  layers.  Te  atoms  in  the  central  layer,  with  a  higher
coordination  number,  exhibit  metallic  characteristics,  while
the Te atoms in outer  layers,  with a  lower coordination num-
ber, behave more like a semiconductor. The diversity of these
structures  leads  to  the  versatility  of  elemental  Te,  which
holds promise for device utilization.

The  crystal  structure  also  makes  elemental  Te  compris-
ing  van  der  Waals-bonded  one-dimensional  helix  Te
chains[16].  It  will  influence  the  properties  like  light  absorption
and thermal conductivity. Te exhibits excellent electronic and
optical  properties  along  the  plane  direction,  while  it  per-
forms  poorly  perpendicular  to  the  plane  direction.  Moreover,
because elemental  Te  as  a  p-type semiconductor  has  a  chiral
structure, anisotropic features in terms of mechanical, thermo-
electrical,  and  optical  properties  would  be  involved,  which
will be discussed in detail later. 

 

Fig.  1. (Color  online)  The  atomic  and  electronic  structure  of  elemental  Te.  (a)  The  schematic  picture  of  the  Te  structure  consists  of  helical  Te
chains arranged in hexagonal arrays along the c direction. (b) Te atoms bound together by faint van der Waals force. Adapted with permission
from Ref.  [16].  Copyright  2023,  Nature Publishing Group.  (c)  For  the enantiomeric  structures,  the helical  chains are arranged in different  ways
related to other properties. Adapted with permission from Ref. [12]. Copyright 2017, Nature Publishing Group. (d) The three-dimensional image
of the spiral structure of elemental Te. Adapted with permission from Ref. [13]. Copyright 2024, Nature Publishing Group. (e)−(g) The atomic and
electronic structures of α-, β-, and γ-phases of elemental Te. Adapted with permission from Ref. [14]. Copyright 2017, American Physical Society.
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2.2.  Electrical properties

The  energy  band  structure  of  element  Te  has  a  direct
bandgap  between  the  valence  and  conduction  bands,  which
determines  its  electrical  properties[17].  Nowadays,  electrical
properties  and  energy  structures  have  been  simulated  using
different  methods  like  MD  simulation  and  DFT  calculation[18].
Zhu et  al.[14] reported  a  single-layer  2D  Te  with  a  direct
bandgap of 1.04 eV obtained using the first  principle calcula-
tion.  In  addition,  to  explore  the  effect  on  elemental  Te
bandgap  under  different  strain  conditions  and  confirm  that
the bandgap can be adjusted with the external strain. They dis-
covered  that  when  the  tensile  strain  was  uploaded  on  the c-
axis  of  the  Te  helical  chains  up to  6%,  the  minimum point  of
the  conduction  band  (CB)  gradually  decreased  roughly  from
0.7−0.5  eV  towards  the  Fermi  energy  level.  On  the  contrary,
the maximum point  of  the valence band (VB)  remains almost
unchanged  at −0.25  eV  approximately.  As  a  result,  the
bandgap decreases to 0.86 eV at 6% of the tensile strain condi-
tion.  However,  when  the  content  of  the  strain  is  at  10%,  the
VBM undergoes an imbalance, demonstrating that the device
is already experiencing performance damage.

Due  to  the  helical  crystal  structure,  elemental  Te  gives
rise to isotropic band dispersion around the Fermi energy lev-
els. Recently, Qiu et al.[19] also calculated the energy band struc-
ture  and  the  coupling  of  the  spin−orbit  (SOC)  Te,  as  demon-
strated  in Fig.  2(a).  In  addition,  it  can  be  clearly  viewed  that
the  Dirac  cone  dispersion  occurs  at  P1  in  the  Brillouin  zone
(BZ).  This  helical  structure  makes  the  material  strictly
anisotropic  in  the  crystal  orientation.  According  to  the  band

structure  and  spin−orbit  coupling  of  2D  Te,  it  can  be  seen
from Fig.  2(c)  that  elemental  Te  can  be  proved  as  a  direct
bandgap  material  with  a  bandgap  energy  of  about  0.32  eV.
Qiao et  al.[17] also  calculated  the  band  structure  of  few  layers
Te and performed ab initio simulations based on DFT calcula-
tions.  They  found  that  as  the  number  of  Te  layers  increased,
the bandgap decreased from 1.17 eV for 2-layer Te to 0.66 eV
for 6-layer Te. Although the bandgap exhibits variations in dif-
ferent  works,  it  reveals  a  consistent  common  trend:  the
bandgap decreases with increasing Te layers. 

2.3.  Optical properties

Through external  light  excitation,  the electrons in  the VB
can cross the forbidden band to reach the CB, becoming free
electrons capable of transport. According to those above, ele-
mental Te has a direct bandgap and a width of about 0.32 eV.
This allows the Te device to be adjusted to absorb light at dif-
ferent wavelengths (broad spectral response) and other advan-
tages  compared  with  the  traditional  indirect  semicon-
ductors[20].  This  determines  its  photoelectric  conversion  effi-
ciency,  by  which  the  photodetection  performance  is  thus
determined.  Due  to  its  narrow  bandgap,  Te-based  optoelec-
tronics has broad spectral absorption and can absorb a broad
spectrum from ultraviolet to infrared light. The optical proper-
ties of Te materials have led to an enormous scope of applica-
tions  in  photoelectric  devices,  optical  components,  photo-
voltaic conversion, and other fields. 

2.4.  Thermoelectric properties

As  internal  combustion  engines  continue  to  be  inno-

 

(a)

(b) (c) (d)

Fig. 2. (Color online) The electrical and optical properties of elemental Te. (a) Band structures of Te based on the spin−orbit (SOC) coupling and
the corresponding partial density of states. (b) First Brillouin zone (BZ) of elemental Te. (c) Amplify the band characteristics near the edge of the
direct band at the H point. (d) Magnify the image of the area near the VBM. Adapted the permission from Ref. [19]. Copyright 2021, Nature Publish-
ing Group.
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vated  and  retrofitted,  factories  are  putting  more  effort  into
the efficiency of waste heat utilization, so it is essential to man-
ufacture  devices  with  thermoelectric  capability.  Thermoelec-
tric technology improves the utilization of waste heat from fac-
tories  and  other  places  and  converts  it  into  current  and  vice
versa. Elemental Te, graphene[21],  germanium[22−24],  and other
materials  have  attracted  much  attention  in  thermoelectric
applications.

The thermoelectric properties of a material are judged by
the  following  formula, ZT = S2σT/(KE + KL),  where S, σ, KE, KL,
and T represent  the  seebeck  coefficient,  electrical  conductiv-
ity, electronic thermal conductivity, lattice thermal conductiv-
ity, and temperature, respectively. Since the electrical proper-
ties,  including S, σ,  and KE are  intimately  coupled  with  each
other,  a  straightforward  refinement  of  one  of  these  parame-
ters  usually  results  in  compensation  for  the  other,  leading  to
difficulties  in  enhancing  the  thermoelectric  properties  of  the
device this year.

In  2018,  Gao et  al.[25] theoretically  obtained  the  thermal
and  thermoelectric  properties  of  elemental  Te  nanosheets
through  first  principle  calculations.  According  to  the  cal-
culations,  two-dimensional  Te  has  an  extremely  low  lattice
thermal  conductivity  at  room  temperature,  representing
2.16 W∙m−1∙K−1,  much lower than its  body thermal conductiv-

ity. Fig.  3(c)  displays  the  relationship  of KL with  the  tempera-
ture.  In  addition,  Lin et  al. proposed  that  the  thermoelectric
properties  of  the  element  Te  can  be  improved  by  inducing
doping and precipitation with Sb[26].  The substitution of Sb in
Te  within  0.5%  is  sufficient  to  increase  the  hole  concentra-
tion and optimize  the thermoelectric  power  factor,  achieving
effective phonon scattering and reducing lattice thermal con-
ductivity by about 25%. This study further confirms that Te is
a promising elemental thermoelectric material with a tempera-
ture  range  of  300  to  650  K.  As  shown  in Figs.  3(a)  and 3(b),
doped Te and related telluride perform well  in improving the
thermoelectric properties of elemental Te, being promising in
the  field  of  thermoelectric  technology[27].  The  effective
phonon scattering and reduction in lattice thermal conductiv-
ity are practical implications of this research, providing reassur-
ance  about  the  potential  applications  of  elemental  Te  in  the
field of thermoelectric technology. 

2.5.  Photothermoelctric properties

Recently, the photothermoelectric (PTE) effect has gained
significant  attention  for  use  in  broad-spectrum  detectors.
Specifically,  when  Te  devices  are  irradiated  by  near-infrared
or  visible  light,  a  temperature  gradient  is  generated  across
the device. The energy of the photon is sufficient to cross the

 

Fig. 3. (Color online) The thermoelectric properties of elemental Te and Te-based devices. (a), (b) The thermoelectric performance and Hall concen-
tration based on different doped Te devices. Adapted with permission from Ref. [27]. Copyright 2024, Nature Publishing Group. (c) Temperature
dependence of Te lattice thermal conductivity. Adapted with permission from Ref. [25]. Copyright 2018, Royal Society of Chemistry. (d)−(h) The
performance and schematic images of a self-rolled tubular Te device. Adapted with permission of Ref. [29]. Copyright 2024, Nature Publishing
Group.
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narrow bandgap of the Te device and is  thus absorbed,  lead-
ing  to  a  localized  temperature  rise.  The  temperature  differ-
ence  can  result  in  electrons  and  holes  migrating  in  response
to temperature gradients, creating an electric field that is sub-
sequently  converted  into  the  output  signal.  A  notable  exam-
ple  of  such  an  application  is  the  development  of  a  self-
power,  wideband  PTE  detector  using  an  elemental  Te  chan-
nel[28].  This  device  surpasses  the  limitations  imposed  by  the
energy  bandgap,  enabling  operation  at  wavelengths  up  to
approximately  10.6 μm.  Remarkably,  it  exhibits  a  short
response time of 8.3 ms and a recovery time of 8.8 ms,  along
with  high  detectivity  at  room  temperature[29].  Developing
such  high-performance  PTE-based  detectors  underscores  the
potential  of  elemental  Te  in  advanced  broad-spectrum  opto-
electronic applications.

Furthermore,  to  overcome  the  limitations  of  polarization
sensitivity  caused  by  insufficient  photon-to-electron  conver-
sion, Dai et al. experimentally developed a miniaturized detec-
tor  using  one-dimensional  Te  nanoribbons[30].  This  design
can be adjusted to significantly  enhance the PTE response to
polarization-sensitive  absorption,  leveraging  a  plasmonic
absorber. This device offers a prospective alternative for minia-
turized room-temperature infrared photodetectors with consid-
erable  polarization  sensitivity[30].  Comparing  the  perfor-
mance with the PTE detector based on Bi2Se3

[31],  the elemen-
tal  Te  device  performs  better,  with  faster  response  time,
higher  response  photovoltage,  and  stable  operation.  For
example,  Huang et  al.[29] reported  a  three-dimensional  PTE
detector  based  on  a  self-rolled  tubular  Te  (TTD),  as  shown  in
Fig.  3(d).  The  unique  device  structure  makes  it  more  promis-
ing  for  a  PTE  detector,  as  shown  in Fig.  3(e),  by  which  the
TTD better  localizes  the thermal  energy.  As  a  result,  the tem-
perature  difference  between  the  two  ends  of  the  device  will
be  further  increased,  realizing  the  power  transfer  from  the
hot  side  to  the  cold  side.  The  localization  of  light  energy  in
the  elemental  Te  layer  with  an  elevated  refractive  index  is
observed  despite  an  air  gap  between  neighboring  spins.  In
Fig.  3(f),  the  fast  photoresponse  of  the  TTD  is  demonstrated,
having a rise time of 849.8 μs and a decay time of 863.1 μs. 

2.6.  Stability

For  many  traditional  p-type  materials  and  some  two-
dimensional (2D) materials, such as perovskites, black phospho-
rus,  and  transition  metal  dichalcogenides  (TMDCs)[32−35],
stability  has  been  a  significant  obstacle  to  practical  produc-
tion.  In  contrast,  Te-based  devices  exhibit  excellent  environ-
mental stability, primarily due to energy barriers in the oxida-
tion  pathway,  which  prevent  moisture  and  oxygen  in  the  air
from disrupting the devices'  integrity.  Additionally,  Te nanos-
tructures grown on flexible substrates also demonstrate bend-

ing stability[16].
However,  the  thermal  instability  of  Te-based  devices  has

not  been  thoroughly  investigated,  which  poses  a  significant
drawback  for  their  practical  applications.  To  address  this
issue, Zhao et al.[36] examined the effect of annealing tempera-
ture on Te thin-film transistors and identified two failure mech-
anisms:  the  sublimation  of  Te  channels  and  the  degradation
of  contacts.  To  mitigate  these  issues,  they  developed  a
method to contact the Te device with graphene and encapsu-
late  it  with  SiOx.  This  approach  ensures  that  the  Te  channel
and contacts remain intact and stable at high temperatures.

According to Table 1, elemental Te is competitive in both
hole  mobility  and  environmental  stability.  Additionally,
Meng et  al.[16] have  also  demonstrated  the  bending  stability
and long-term performance stability of Te-based devices. The
device maintains a good photoresponse even after over 5000
bending  cycles,  with  the  photocurrent  remaining  consistent
with the initial measurements. These results highlight the oper-
ation and environmental stability of elemental Te. The test per-
formance  and  stability  indicate  that  elemental  Te  nanostruc-
tures  hold  significant  potential  for  applications  in  electronic
and optoelectronic utilization. 

3.  Synthesis of Te nanostructures

Unlike other emerging semiconductor materials,  elemen-
tal  Te  is  less  expensive  to  prepare  because  pre-mixing  and
pre-processing are not required for crystalline Te materials. Fur-
thermore,  the  single-element  Te  eliminates  the  need  to  con-
trol the dosage of each chemical component and the stoichio-
metric  ratio.  In  this  section,  we  will  focus  on  introducing  the
synthesis of typical nanostructures using major methods such
as  physical  vapor  deposition  (PVD),  chemical  vapor  deposi-
tion (CVD), hydrothermal synthesis, and so on. 

3.1.  Physical/chemical vapor deposition of Te

nanostructures

To  produce  ultrathin  Te  nanoflakes,  the  PVD  synthesis
method  typically  requires  a  vacuum  environment  and  high-
purity sources. A recent study conducted by Apte et al.[46] uti-
lized  this  method  to  investigate  the  synthesis  of  ultrathin  Te
nanoflakes  with  a  thickness  of  less  than  7  nm  and  a  size  of
50 μm, as  shown in Fig.  4(a).  Under  a  growth temperature  of
650 °C and Ar carrier gas, the synthesized Te nanoflakes have
a  thickness  down  to  0.85  nm,  corresponding  to  three  atomic
layers (Fig. 4(b)). PVD can also be used for the growth of one-
dimensional  Te  nanostructures  in  which  Te  microrods  were
deposited  at  temperatures  roughly  400  °C  under  1  atm  pres-
sure. In comparison, nanotubes were deposited at lower tem-
peratures,  less  than  200  °C[47].  The  growth  of  elemental  Te
nanostructures is observed to follow the nucleation of spheri-

 

Table 1.   The material property and environmental stability of different material devices.

Materials Mobility (cm2/(V∙s)) Stability

Te[2] (Direct bandgap, 0.35−1.265 eV) ~103 2 months
MoS2

[37, 38] (Indirect bandgap, 0.75−1.89 eV) 480 3 months
Black phosphorus[39] (Direct bandgap, 0.3−1.5 eV) ~103 50 hours
WS2

[40, 41] (Indirect bandgap, 0.75−1.91 eV) 970 2 weeks
Bi2Se3

[31] (Direct bandgap, 0.2−0.3 eV) 1000−4000 6 months
WSe2

[42, 43] (Indirect bandgap, 0.90−1.54 eV) ~500 1 month
MoSe2

[44, 45] (Indirect bandgap, 0.80−1.58 eV） ~50 21 days
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cal particles, followed by the growth of one-dimensional struc-
tures.  The  nanostructures  may  have  different  growth  mor-
phologies  and  orientations  due  to  various  growth  tempera-
tures, carrier gas flow, and growth duration.

CVD  is  another  commonly  used  method  for  synthesizing
nanostructures.  It  involves  depositing  nanomaterials  onto  a
solid  surface  through  a  gas  phase  reaction.  Unlike  PVD,  CVD
typically  relies  on  chemical  reactions  among  carrier  gas,
source, and catalyst. In the case of Te nanowire synthesis, the
Te  source  can  be  carried  by  a  carrier  gas  and  then  passed  to
a  specific  catalyst  at  certain  growth  temperatures,  forming
nanostructures on a solid surface. Te nanostructures with differ-
ent  morphologies  and  orientations  were  successfully  pre-
pared  by  modulating  the  experimental  parameters  such  as
temperature, pressure, and precursor concentration. Recently,
Meng et  al.[16] used  the  CVD  process  to  synthesize  Te
nanomesh  at  100  °C,  where  atmospheric  pressure  is  used
for  the  growth  of  Te  nanomesh  in  this  work,  as  shown  in
Fig.  4(c).  With  prolonged  growth  duration,  the  Te  nanomesh
structure  gradually  forms  through  a  self-welding  process,
exhibiting  excellent  connectivity.  The  resulting  samples  were
then  subjected  to  morphological,  structural,  and  composi-
tional  analysis  to  examine  the  impact  of  various  conditions
on  the  formation  of  Te  nanostructures.  In  addition,
Xu et  al.[48] identified that  hydrogen plays  an essential  role  in
the  growth  of  Te  nanoribbons  during  CVD  preparation.  In
their  experiments,  they  introduced  hydrogen  during  the
growth  of  Te  nanoribbons  and  found  that  hydrogen  effec-

tively  reduced  the  formation  of  defects  and  impurities  in  Te
nanoribbons.  These  improvements  led  to  a  substantial
increase  in  the  hole  mobility  of  the  Te  nanoribbons  through
detailed  transport  measurements  and  field-effect  transistor
experiments.  CVD  offers  high  purity,  controllability,  and  suit-
ability  for  large-area  growth.  However,  preparing  elemental
Te nanostructures using CVD comes with a high instrumenta-
tion cost and is highly sensitive to the substrate conditions. 

3.2.  Van der Waals epitaxy

Van  der  Waals  epitaxy  (vdWE)  growth  has  gained  signifi-
cant attention due to its wide range of applications in synthe-
sizing various vdW layered materials. vdWE synthesis can over-
come  large  lattice  mismatches  and  facilitate  the  movement
of  adsorbed atoms of  vdW materials  along the  substrate  sur-
face.  Furthermore,  the  vdWE  method  allows  the  upper  layer
to  relax  perfectly,  disregarding  any  heterogeneous  interfacial
strain.  Recently,  vdWE  growth  has  been  used  to  synthesize
2D  Te  on  mica  substrates  by  Wang et  al.[49],  the  resulting  2D
Te  nanoflakes  grown  on  mica  substrates  have  large  lateral
dimensions  and  hexagonal  crystallinity,  supported  by  the
TEM study. In addition, 2D Te nanoflakes with single and few-
layer  thicknesses  were  successfully  synthesized  on  graphene
substrates.  The  Te  nanostructures  obtained  by  molecular
beam epitaxy were shown using material structure characteri-
zation  to  have  their  helical  chains  in  parallel  with  the
graphene  substrate.  Compared  to  the  CsPbBr3 perovskite
nanowires  synthesized  through  vdWE  growth  by  Li et  al.[50],

 

Fig. 4. (Color online) PVD and CVD process of Te nanostructures. (a) Schematic illustration of the CVD synthesis process of Te nanostructure. (b)
The  AFM  image  of  elemental  Te  nanoflake.  Adapted  with  permission  from  Ref.  [46].  Copyright  2019,  IOP  Publishing.  (c)  The  morphological
changes of Te nanomesh with different growth times. Adapted with permission from Ref. [16]. Copyright 2023, Nature Publishing Group.
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the preparation of 2D Te nanoflakes does not require consider-
ation of the elemental distribution during the preparation pro-
cess. This highlights the advantage of the simplicity in prepar-
ing  Te  nanostructures.  The  method  is  also  applied  for  the
growth  of  tellurides,  such  as  the  preparation  of  ultrathin
(~ 4.8 nm) single-crystalline CdTe nanosheets using the vdWE
growth  technique  proposed  by  Cheng et  al.[51].  Recently,
Xie et  al.[52] obtained  high-quality  2D  Te  nanostructures  by  a
liquid-phase exfoliation method, by which the TEM images in
Figs.  5(a)  and 5(b)  show the interplanar  spacing of  crystalline
Te  nanoflake.  Also,  Ben-Moshe et  al.[53] used  TEM  study  to
observe different morphologies of Te nanorods grown by con-
trollable reduction of Te cations, as shown in Fig. 5(c). 

3.3.  Hydrothermal synthesis

Hydrothermal  synthesis  is  a  widely  used  method  for
preparing  nanomaterials  through  chemical  reactions  in  an
aqueous solution at high temperature and pressure inside an
autoclave.  Back  in  2002,  Mo et  al.[55] successfully  synthesized
thin  single-crystal  Te  nanoribbon  nanotubes  by  a  controlled
hydrothermal  synthesis  method,  and  achieved  precise  con-
trol  of  the  morphology  and  size  of  the  Te  nanostructures  by
adjusting the reaction conditions and adding surfactants dur-
ing  the  preparation  process.  Detailed  material  characteriza-
tion  and  structural  analysis  determined  the  crystal  structures
and growth mechanisms of the synthesized nanoribbons and
nanotubes.  This  study  provides  a  new  approach  and  under-
standing  of  the  precise  synthesis  of  Te  nanostructures  and
lays  the  foundation  for  their  application  in  nanoelectronics
and  optoelectronics.  The  hydrothermal  method  has  a  well-
established  processing  pathway  for  preparing  Te  nanowires.
For example, hydrothermal synthesis can be used to obtain sin-

gle-crystal  Te  nanowires  with  an  average  diameter  of  70  nm
and  Te/C  nanocables  with  a  diameter  ranging  from  50−
100  nm.  This  is  achieved  by  reducing  Na2TeO3 with  glucose
in  the  presence  of  cetyltrimethylammonium  bromide  (CTAB)
under  hydrothermal  conditions  at  temperatures  of  130−
170  °C.  In  the  hydrothermal  process,  temperature  was  found
to  play  an  essential  role  in  determining  the  resulting  Te
nanowires  and  Te/C  nanocables.  The  hydrothermal  method
offers  a  low-cost,  low-energy,  and  relatively  simple  process
for producing pure Te nanowires in large quantities. Recently,
Naqi et al.[54] used a hydrothermal method to prepare elemen-
tal  Te  nanonet  at  a  relatively  low  temperature  using
polyvinylpyrrolidone  (PVP)  as  a  capping  agent.  At  the  same
time,  the corresponding SEM image can be found in Fig 5(d).
However,  high  temperatures,  high  pressures,  and  extended
growth duration are usually needed in a hydrothermal synthe-
sis, which affects productivity and increases energy consump-
tion. 

3.4.  Thermal evaporation of Te-based films

Thermal  evaporation  is  a  widely  adopted  technique  for
optoelectronic  devices,  solar  cells,  thin-film  transistors,  and
other  fields.  This  method  involves  heating  the  source  mate-
rial in a high vacuum until it reaches its vaporization tempera-
ture.  The  evaporated  source  then  diffuses  and  settles  on  the
substrate surface within the vacuum chamber, forming a thin
film. In the initial stage, Te thin films were deposited on glass
and  alumina  substrates  for  NO2 gas  sensor  applications.  The
surface morphology and structure of these deposited Te films
were  examined  using  techniques  such  as  scanning  electron
microscopy  (SEM),  X-ray  diffraction  (XRD),  and  raman  spec-
troscopy.  The  morphology  of  the  films  varied  from  amor-

 

Fig. 5. (Color online) The morphology of different elemental Te nanostructures. (a), (b) The TEM images of 2D Te nanoflakes. Adapted with permis-
sion of Ref. [52]. Copyright 2018, WILEY-VCH. (c) The TEM image of Te nanorods. The scale bar is 100 nm. Adapted with permission of Ref. [53].
Copyright 2014, Nature Publishing Group. (d) The SEM image of Te nanonet. Adapted permission with of Ref. [54]. Copyright 2021, Nature Publish-
ing Group.
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phous  to  polycrystalline  as  the  film  thickness  increased  from
100 to 300 nm[56].

The  deposition  temperature  and  subsequent  annealing
steps significantly influence the thermal expansion process of
Te thin films. Controlling these parameters is crucial to achiev-
ing a  desirable  morphology and orientation of  the  elemental
Te thin film. For instance, Okuyama et al.[57] studied the effect
of  substrate  temperature  on  the  crystallinity  and  electronic
properties  of  thermal  evaporated  Te  thin  films  on  glass  sub-
strates.  Their findings revealed that the grain size of the films
increases  with  higher  substrate  temperatures.  Conversely,
when  the  substrate  temperature  is  below  188  K,  the  grain
size decreases.  This suggests that Te thin films synthesized at
temperatures below 323 K exhibit smooth surfaces and larger
grain  sizes.  Furthermore,  higher  substrate  temperatures  pro-
vide  sufficient  activation  energy  and  surface  mobility  for  Te
atoms, increasing grain size as the atoms occupy suitable posi-
tions.  Overall,  each  preparation  method  has  advantages  and
disadvantages,  and  a  rational  choice  of  method  not  only
meets the needs but also yields specific Te nanostructures for
target applications[58−67]. 

4.  Device application

In this section, we will summarize the relevant and emerg-
ing  applications  of  elemental  Te  material.  Due  to  its  unique
helical structure and remarkable environmental stability, Te is
promising  to  be  used  in  semiconductors  and  other  related
fields.  This  section  will  introduce  the  large-scale  applications
of elemental Te in recent representative devices such as field-
effect  transistors,  photodetectors,  and  energy  harvesting
devices. 

4.1.  Photodetectors

Photodetectors  (PDs)  are  devices  that  can  convert  opti-
cal  signals  into  electrical  signals  and  are  extensively  used  in
optical  communications,  imaging,  and  spectral  analysis[68, 69].
Elemental  Te  devices  possess  excellent  properties,  including
high  light  absorption,  unique  structural  characteristics,  and
environmental  stability.  These  attributes  make  them  highly
promising for large-scale applications in the field of photode-
tection,  which  offer  opportunities  for  advancements  in  Te-
based  photodetection  technology.  The  working  mechanism
of PD includes the following aspects. 1) Light absorption: Pho-

 

Fig. 6. (Color online) The photodetector based on elemental Te. (a) The schematic picture of the photodetecting device. (b), (c) The photocurrent
response,  including  rise  and  fall  time,  based  on  quasi-2D  Te  under  different  light  wavelengths.  Adapted  permission  with  Ref.  [73].  Copyright
2020, Nature Publishing Group.
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todetectors  are  designed  to  absorb  incident  photons,  requir-
ing  materials  with  suitable  light  absorption  properties.  While
elemental  Te  devices  have  a  better  response  to  near-infrared
light,  their  performance  in  detecting  visible  light  is  not  as
good.  2)  Carrier  generation:  When  photons  are  absorbed,
their energy excites electron−hole pairs in the material, gener-
ating  free  electron  and  hole  carriers.  3)  Carrier  separation:
Through  the  influence  of  a  bias  or  built-in  electric  field,  the
electron−hole  pairs  are  separated,  forming  a  photogener-
ated current. 4) Current amplification: The photogenerated cur-
rent  is  then  amplified  through  a  series  of  working  principles,
including  photoconductive,  photovoltaic,  and  photoelectric
effects[70−72].

After  that,  the  device  characteristics  can  be  character-
ized to evaluate its performance. Parameters such as detectiv-
ity,  spectral  response  range,  response  time,  external  quan-

tum efficiency,  photocurrent/voltage,  and noise  effects  could
be  measured[74, 75]. Fig.  6 shows  the  schematic  diagram  of
quasi-2D Te-based photodetectors under different light wave-
lengths. The rise and fall times of 52 and 78 μs were obtained
at  2.3 μm  infrared  wavelength,  respectively[73].  Te  exhibits
fast and robust photoresponse, high light absorption, and effi-
cient  photocurrent  generation  in  the  infrared  spectrum.
Recently, Dai et al.[30] introduced a long-wave infrared polariza-
tion-sensitive  PTE  detectors,  utilizing  Te  as  the  channel.  The
PTE  effect  encompasses  two  distinct  processes:  photother-
mal  conversion  and  the  seebeck  effect.  When  a  material  is
exposed to light, the absorbed energy is converted into heat,
leading  to  a  localized  temperature  increase.  This  tempera-
ture  rise  induces  changes  in  the  electronic  band  structure  of
the  material,  consequently  altering  its  electrical  properties.
Such variations in electrical properties, resulting from tempera-

 

Fig.  7. (Color  online)  The  schematic  image  and  device  performance  of  Te-based  FET.  (a)  Schematic  diagram  of  FETs  device  based  on  2D  Te.
Adapted permission with Ref. [77], Copyright 2018, Royal Society of Chemistry. (b) The electrical performance of TeSeO FET with different composi-
tions. (c) Comparing the device stability and hole mobility with other traditional materials.  Adapted permission with Ref. [81]. Copyright 2024,
Nature Publishing Group.
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ture  fluctuations,  offer  a  potent  platform  for  optoelectronic
detection. This platform enables the transmission of optical sig-
nals to electrical readout, independent of the bandgap of the
active  material.  Besides,  Guo et  al.[76] prepared  elemental  Te
film  by  sputtering,  based  on  the  seebeck  effect  as  well  as
high  seebeck  coefficient  ~312 μ∙V∙K−1,  and  found  that  the  Te
film  device  can  be  used  for  the  temperature  warning  func-
tion  of  electronic  skin.  The  researchers  designed  and  pre-
pared a flexible infrared PTE detector that senses thermal radia-
tion from surrounding objects  and converts  it  into an electri-
cal  signal.  By  integrating  the  detector  into  an  electronic  skin,
real-time  monitoring  and  early  warning  of  temperature
changes  can  be  realized.  This  research  provides  new  ideas
and  methods  for  the  application  of  electronic  skin  in  health
monitoring,  human-computer  interaction,  and  smart  equip-
ment. 

4.2.  Field-effect transistor

Field-effect  transistor  is  an  essential  electronic  device
with  three  terminals:  source,  drain,  and  gate  while  a
schematic  picture  of  a  Te-based  FET  can  be  found  in
Fig. 7(a)[77].  Its operation relies on controlling the current flow
between  the  source  and  drain  by  applying  a  gate  voltage.
The performance of  FETs  is  primarily  assessed based on their
switching  characteristics,  including  field-effect  mobility,
on/off  current  ratio,  threshold  voltage,  switching  speed,  and
operation stability.

Recently,  there  has  been  a  growing  demand  for  inor-
ganic  p-type  semiconductors  with  high  hole  mobility  and
ambient  stability.  While  several  n-type  semiconductors  have
been  successfully  developed,  progress  in  developing  p-type
counterparts  has  been limited.  Only  certain  inorganic  materi-
als  have  demonstrated  exceptional  performance  in  p-chan-
nel FETs. For example, Li et al.[78] and Du et al.[79] reported the
first  FET  based  on  2D  black  phosphorus  material,  in  which
the field effect hole mobility is  1000 cm2/(V∙s),  and the on/off
current ratio can be greater than 105, which is substantially bet-
ter  than  TMDCs-based  p-type  devices.  However,  as  we  men-
tioned in Table 1, the BP devices have poor ambient stability,

so the instability problem prevents them from being used on
a  large-scale  practical  application.  Zhao et  al.[4] reported  the
realization of elemental Te thin film by low-temperature ther-
mal  evaporation  for  manufacturing  high-performance  wafer-
scale  p-type  field-effect  transistors.  According  to  the  experi-
ment  data,  the  mobility  can  reach  roughly  35  cm2/(V∙s)  with
an on/off current ratio of ~104 on an 8 nm-thick Te film.

Besides,  Wang et  al.[59] have  reported  a  higher  perfor-
mance  FET  based  on  2D  Te  nanoflakes  synthesized  by
hydrothermal  synthesis.  The  fabricated  device  showed  an
on/off  current  ratio  of  approximately  105.  Moreover,  field-
effect hole mobility of roughly 700 cm2/(V∙s) was achieved for
the optimum thickness of roughly 15 nm. Compared with the
devices  based  on  polycrystalline  Te  thin  film  prepared  by
Zhao et  al.[4],  crystalline  2D  Te  nanostructures  have  a  better
performance when used in FET. In addition, they confirm that
the  device  stored  in  ambient  condition  for  one  month  does
not  cause  device  failure  even  with  no  surface  passivation.
This  reliable  device  stability  of  Te  promises  the  development
of  inorganic  p-channel  FETs.  In Table  3,  the  FET  performance
based on different materials has been summarized[82−88].

Most recently, Liu et al.[80] developed the thin-film transis-
tors based on p-type Se-alloyed Te−TeOx (0 < x ≤ 2) film. Due
to  the  incorporation  of  Se  alloying  into  Te-based  devices,
hole concentration is effectively suppressed, and p-orbital over-
lap  is  promoted,  resulting  in  high  hole  mobility  FETs  which
can achieve hole mobility 15 cm2/(V∙s)  and the on/off  current
ratio of 106 to 107.  Both wafer-scale uniformity and long-term
environmental  stability  under  bias  stress  were  demonstrated
in  this  work.  In  the  meantime,  Meng et  al.[81] discovered  the
p-channel inorganic semiconductor compound tellurium-sele-
nium-oxygen (TeSeO). The compound also showed some intrin-
sic  p-channel  properties  of  Te  with  a  tunable  bandgap  of
0.7−2.2  eV.  TeSeO  devices  showed  a  high  hole  mobility  of
48.5  cm2/(V∙s),  a  high responsibility  of  603 A/W,  and an ultra-
fast response of 5 μs. In Figs. 7(b) and 7(c), TeSeO devices per-
form  better  than  their  counterparts  in  FET  and  PD.  This  sug-
gests  that  while  BP  may  have  better  hole  mobility,  the  Te-
based  material  may  outperform  in  terms  of  on/off  ratio,
response time, and stability. 

4.3.  Gas sensor

Gas  sensors  play  a  crucial  role  in  detecting  and  identify-
ing  the  composition  and  concentration  of  gases.  They  con-
vert this information into electrical signals for analysis and pro-
cessing,  finding  applications  in  environmental  monitoring
and  other  fields[89, 90].  As  environmental  awareness  grows,
gas  sensors  have  made  significant  improvements  in  perfor-
mance,  reliability,  and  cost.  This  section  specifically  focuses
on  using  Te-based  semiconductors  in  gas  sensing  applica-
tions to differentiate various gases.

 

Table 2.   Te nanostructures fabricated by different methods and the main advantages.

Methods Main nanostructures Main advantages

Physical vapor deposition[46] Nanowires and nanoflakes Well controllability
Chemical vapor deposition[16] Nanowires and nanoflakes Controlled reaction conditions
Van der Waals epitaxy[49] 2D layered structures Heterogeneous integration
Hydrothermal[58, 59, 54] Nanowires and nanonet High throughput
Thermal evaporation[60, 57, 61] Thin film Uniform deposition
Liquid phase exfoliation[62−67] 2D layered structures High efficiency

 

Table 3.   Comparison of different nanomaterials used in FET.

Materials On/off current
ratio

Responsibility Mobility
(cm2/(V∙s))

Te nanoflakes[52] 105 13 A/W 700
Te thin film[19] 104 − 35
MoTe2

[82] 106 − 27
Black
phosphorus[78, 83]

105 4.8 mA/W 1000

MoS2
[84, 85] − 5.2 A/W 120

WS2
[86, 87] − 21.2 μA/W 140

WSe2
[88] − 0.92 A/W 142
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In  2001,  Tsiulyanu et  al. reported  the  spiral  structure  of
Te alloys, also indicating their potential for use in gas sensors.
These  Te-based  sensors  have  the  ability  to  detect  various
gases, with the highest sensitivity being towards nitrogen diox-
ide[56].  Such  outstanding  sensitivity  results  from  the  interac-
tion  between  nitrogen  oxides  and  Te  alloys,  which  enhances
the device's ability to adsorb oxygen, increasing hole concen-
tration  and  conductivity  within  the  material.  Nitrogen  diox-
ide  is  recognized  as  one  of  the  six  major  gaseous  pollutants
worldwide,  highlighting  the  importance  of  utilizing  Te  alloys
for  nitrogen  dioxide  sensing.  However,  in  the  case  of  Te  thin
film, Sen et al. discovered that when these films were used as
toxic  gas  sensors,  their  resistance  would  increase  reversely
when  exposed  to  reducing  gases.  In  contrast,  the  opposite
effect  was  observed  when  exposed  to  oxidizing  gases[91].  In
another  work,  the  gas  sensitivity  of  these  films  to  gases  such
as NH3,  H2S, and NO2 was measured to be shifted at different
temperatures.  Specifically,  the  sensitivity  of  Te  film  gases
decreased  with  increasing  temperature,  with  a  significant
decrease in sensitivity (<10%) for all gases at T ~ 373 K.

Also,  it  has  been  found  that  the  gas-sensitive  properties
of these Te thin films are significantly affected during process-
ing  and  preparation.  For  instance,  high  substrate  tempera-
tures  and  annealing  conditions  will  lead  to  degradation  of
the  device  performance,  even  though  there  is  no  difference
in the morphology.  Tsiulyanu et  al.[56] experimentally  demon-
strated that the gas sensitivity of elemental Te membranes to
NO2 is  strongly  dependent  on  the  thickness  of  the  mem-
brane.  In  addition,  the  performance  will  be  drastically

reduced  when  the  preparation  or  device  temperature  is
higher  than  373  K.  Meanwhile,  Bhandarkar et  al.[92] investi-
gated the sensitivity of external factors, such as different sub-
strates and different synthesis temperatures, to the representa-
tive  gas  NO2 based  on  the  consistency  of  the  Te  film  thick-
ness.

The  p-type  conductance  in  elemental  Te  arises  from  the
presence of crystal defects that lead to the formation of addi-
tional receptor centers[93]. The excess charge generated when
the  elemental  Te  device  interacts  with  the  gas  is  trapped  in
the  defect  centers,  resulting  in  reduced  conductivity.  On  the
other  hand,  adsorbed  oxygen  could  also  capture  electrons
and  form  TeO2 by  chemisorption,  which  leads  to  the  transfer
of  surface  charges  and  the  bending  of  energy  bands  in  Te
semiconductors.  In  this  regard,  exposure  to  reducing  gases
such  as  H2S  or  NH3 reduces  the  hole  concentration  and  thus
increases  the  film  resistivity.  When  exposed  to  oxidizing
gases  such  as  NO2,  enhanced  oxidation  at  the  film  surface
results in the increase of hole concentration and the decrease
of  film resistivity.  Recently,  Wang et  al.[94] reported a gas sen-
sor  based  on  elemental  Te  devices.  These  devices  exhibit
high sensitivity and selectivity towards various gases,  such as
a large detection range (from 25 ppb to 5 ppm) and low base-
line noise (~0.5%).  Through density functional theory calcula-
tions,  it  is  proposed  that  the  large  adsorption  energy  and
strong  charge  redistribution  endow  Te  has  high  sensitivity
and selectivity for  NO2 detection.  In Figs.  8(a)  and 8(b),  excel-
lent  conductivity  and  NO2 sensitivity  were  demonstrated
on  42  nm  thick  Te  nanoflakes.  In  addition,  Cui et  al.[95] found

 

Fig. 8. (Color online) The testing results of gas sensors enabled by elemental Te. (a) The I−V curve of 42 nm Te devices. Inset top: The schematic dia-
gram of Te-based device. Inset bottom: The AFM characterization image of Te nanoflake. (b) Current response of NO2. Adapted permission with
Ref. [94]. Copyright 2019, The Royal Society of Chemistry. (c) NO2 selectivity of a Te gas sensor. Inset: The schematic diagrams of detection. (d)
The environmental stability of Te-based devices. Adapted permission with Ref. [95]. Copyright 2020, The American Chemical Society.
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that  Te  nanosheets  have  high  selectivity  and  sensitivity
(25 ppb/83 s and 100 ppb/26 s) towards NO2 gas, can reach a
sub-ppb detection limit, and have long-term stability for over
one month. 

4.4.  Resistive switching devices

With  the  rapid  growth  of  information  in  the  era  of  big
data, there is a need to overcome the declining cost-effective-
ness of device scaling through new building blocks[96, 97]. Resis-
tive  switcher  (RS)  is  a  common  electronic  component  mainly
used to regulate the voltage or current in a circuit.  It  consists
of  two  components:  volatile  selector  and  nonvolatile  mem-
ory, with different operating current requirements.

Yang et  al. [98] reported  the  resistive  switching  devices
based on the elemental Te filaments, which can act as a selec-
tor or a memory in the respective desired current range, high-
lighting  the  important  application  prospects  in  advancing
memory  and  computing  technologies.  It  is  demonstrated
that  single  Te-based  devices  can  be  used  for  different  func-
tions.  For  large-scale  one-selector  and  one-resistor  (1S1R)
cross-point  arrays,  NV-RS  (memory  device)  and  V-RS  (selector
device)  are  two  induvial  parts  of  array  configurations,  with
the  former  focusing  on  nonvolatile  data  storage  and  the  lat-
ter on volatile data selection. In Fig. 9, it  can be seen that the
compliance  current  in  V-RS  mode  is  one  order  of  magnitude
higher than NV-RS. Notably, the anomalous long-term plastic-
ity  (LTP)  to  short-term  plasticity  (STP)  transition  observed  in
this  work  also  proves  that  the  elemental  Te-based  devices
have the potential to be rectifiers in analog computers. In addi-
tion,  Sahu et  al.[99] discovered  that  the  Ag/TiO2/FTO  devices,

modulated  by  the  magnetic  field,  possess  bipolar  resistive
switching.  Given  the  Lorentz  force  and  doping  effect,  the
device alters  voltage to perform a switching function.  Before,
the  resistive  switching  has  been  established  in  devices  with
doped magnetic components[100, 101]. This work breaks the tra-
ditional  rule where voltage is  the only factor  that  can control
the transport and switching characteristics, by which the mag-
netic  field  is  added  to  regulate  the  resistive  switching  of  Te
material.  The  RS  effect  is  mainly  based  on  binary  transition
metal  oxides[102−104] such  as  NiO,  ZnO,  and  TiO2.  At  the  same
time,  the  elemental  Te  device  displayed  a  faster  response
time  with  improved  current  accuracy  on  both  negative  and
positive sides. 

4.5.  Energy harvesting device

With  the  gradual  depletion  of  non-renewable  resources
and  the  increasing  environmental  problems,  the  energy  cri-
sis has become a pressing issue[105−107]. For developing renew-
able  and  environmental  friendly  energy  sources,  attention
has  been  paid  to  collecting  waste  heat  from  relevant  plants.
Elemental Te is a material with high energy-efficiency thermo-
electricity.  As  mentioned  before,  the  unique  thermoelectric
effect  and stability  allow it  to become the next generation of
thermoelectric collection devices.

Based  on  the  seebeck  effect,  the  temperature  gradient
between  the  two  terminals  of  the  device  could  generate  an
output signal. This allows the conversion of heat-induced tem-
perature effects into a more easily measurable current magni-
tude[108].  Notably,  it  can be observed that as the temperature
difference improves, both the thermoelectric current and volt-

 

Fig.  9. (Color  online)  The  resistive  switching  device  based  on  elemental  Te.  (a),  (b)  Nonlinear I−V relationship  of  Te  device  in  NV-RS  and  V-RS
modes.  (c)  The device schematic diagram and device resistance as a function of  the active area.  Adapted permission with Ref.  [98].  Copyright
2021, Nature Publishing Group.
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age  increase  simultaneously.  Additionally,  solar  energy  can
also be utilized by irradiating a specific area and efficiently con-
verting it into electrical energy using the PTE effect. Recently,
Wu et  al.[109] using  first-principles  DFT  simulations,  the  maxi-
mum  power  conversion  efficiency  of  the  Te/WTe2 and
Te/MoTe2 heterojunction  solar  cells  was  calculated  to  be
22.5% and 20.1%, respectively. Also, the thermoelectric perfor-
mance  (i.e.,  ZT  value)  of  elemental  Te  (0.63)[109] is  larger  than
that  of  graphene  (0.42)[110],  black  phosphorus  (0.25)[111],  and
organometallic perovskite CH3NH3PbI3 (0.13)[112]. 

5.  Conclusion

After  nearly  250  years  of  discovering  elemental  Te  in
1782,  it  has  become  an  important  industrial  raw  and  high-
tech  material.  In  this  paper,  we  reviewed  the  synthesis  path-
ways  of  Te  nanostructures  and  the  applications  of  elemental
Te  in  various  fields,  such  as  photodetectors,  PTE  detectors,
FETs,  gas  sensors,  etc.,  which  have  gained  intense  attention
in  recent  years.  As  a  representative  material  of  new  p-type
semiconductors,  Te  exhibits  outstanding  hole  mobility  of
~103 cm²/(V∙s)  at  room  temperature  and  a  tunable  bandgap
ranging  from  0.35  to  1.2  eV,  as  well  as  structural  anisotropy
compared  to  conventional  inorganic  p-type  semiconductors.
Additionally,  its  environmental  and  device  operating  stability
outperforms most p-type inorganic materials. There is no com-
position  control  issue  for  single-element  Te,  making  it  easier
to  prepare  and  not  requiring  strict  control  of  stoichiometric
ratios.  In  recent  decades,  Te  has  gained  significant  attention
due  to  its  exceptional  and  versatile  performance,  aiming  to
apply  Te  to  meet  diverse  application  requirements  and  drive
the rapid advancement of the semiconductor industry.

Although  elemental  Te  nanostructures  offer  enormous
potential  for  academic  and  engineering  applications,  chal-
lenges  and  opportunities  still  remain.  For  the  synthesis  pro-
cess,  elemental  Te  nanostructures  with  different  shapes  and
orientations  can  be  synthesized  by  PVD,  CVD,  etc.  However,
the  growth  chamber  typically  needs  high  growth  tempera-
ture,  low growth pressure,  and a  vacuum environment.  Thus,
versatile  Te  synthesis  methods  should  be  found  to  solve  the
strict  growth  requirements  and  the  cost-effectiveness  issue.
Moreover,  several  nanostructured  synthesis  methods  have
been  widely  used  to  synthesize  few-layer  materials  that  are
also  highly  efficient,  such  as  vapor  deposition  and  solution
deposition.  However,  few  synthesis  methods  have  been
reported to be able to produce large-scale ultrathin Te materi-
als.  Therefore,  it  is  crucial  to  discover  techniques  for  control-
lable production synthesis to grow Te with the required num-
ber of layers from monolayer to multilayer.

As for devices and applications, recent studies on elemen-
tal  Te  PDs  are  mostly  focused  on  the  visible  and  infrared
regions.  Devices  suitable  for  ultra-wideband  photodetection
are the priority and should also be considered in future stud-
ies.  Additionally,  the  transport  mechanisms  of  elemental  Te
are  not  well  understood  compared  to  black  phosphorus  and
transition  metal  dichalcogenides,  while  the  development  of
the  doping  technique  and  heterojunction  formation  process
are  still  in  the  primary  stage[113].  Therefore,  to  further
enhance the performance of  Te-based devices,  it  is  necessary
to  improve  doping  and  heterojunction  fabrication  tech-
niques[114, 115].  Besides, because elemental Te is susceptible to

oxidation in air, it is required to prove by XPS that it is the ele-
mental  Te  responsible  for  the  properties  and  not  the  tel-
luride.

Additionally, only a few articles have reported on high-per-
formance  semiconductor  materials  for  neuromorphic  devices
based  on  Te.  Thus,  more  studies  are  needed  to  simulate  the
structure  and  function  of  the  biological  nervous  system.
Given  the  high  mobility  and  high  sensitivity  of  Te,  further
progress  on  Te-based  neuromorphic  devices  can  provide  a
way to help solve the energy dissipation problem[113]. Further-
more,  there  is  a  lack  of  integration  and  compatibility  when
using  elemental  Te  in  resistive  switching  applications.  Fur-
ther  investigations should not  be limited to the storage area,
with an equal focus on the in-sensor-computing and near-sen-
sor-computing  areas  would  be  ideal.  Enabled  by  the  circu-
larly polarized light (CPL) coupling, Te-based materials can be
used  to  develop  components  for  CPL  optical  communication
systems,  potentially  increasing  data  transmission  rates  and
improving  signal  integrity.  Liu et  al.[116] proposed  to  inte-
grate  CPL  sensitivity  with  optical  learning  and  memory  in  a
photonic  artificial  synapse  (PAS)  device,  which  can  achieve
up to 93% recognition accuracy in spiking neural network sim-
ulations.  Notably,  helical  Te  chains  align  along  the c-axis,
which  fulfills  the  requirement  of  designing  efficient  and  sta-
ble CPL light devices, and further research is necessary for func-
tional optoelectronic utilizations. Besides the applications men-
tioned  above,  elemental  Te  has  many  promising  utilization
opportunities,  such as  flexible  electronics,  display electronics,
integrated chips, and biomedicine technology. 
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