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As for the stylish two-dimensional (2D) functional materials, the intriguing properties of tellurene and tellurides are gradually rec-
ognized in high environmental stability, tunable narrow bandgap and lower thermal conductivity, etc., which has aroused the great
interest of the researchers. These properties of such materials formed the basis for relatively newfangled scholarly fields involving ad-
vanced topics especially for broadband photodetectors. Integrating the excellent properties of many 2D materials, tellurene/tellurides-
based photodetectors show great flexibility, higher frequency response or faster time response, high signal-to-noise ratio, and so on,
which makes them leading the frontier of photodector research. To fully understand the excellent properties of tellurene/tellurides
and their optoelectronic applications, the recent advances on tellurene/tellurides based photodetectors are maximatily summarized.
Benefiting from the solid research in this field, the challenges and opportunities of tellurene/tellurides for future optoelectronic ap-
plications are also discussed in this review, which might provide possibilities for the realization of state-of-the-art high-performance
tellurene/tellurides based devices.

1 Introduction

The emergence of graphene in 2004[1] has made two-dimensional (2D) materials an enduring focus of
research over the years. Many 2D materials, such as germanene, silicene, borophene and phosphorene,
exhibit excellent electronic, optical, and thermodynamic properties.[2, 3, 4, 5| The in-depth researches on
2D materials will provide new approaches to the manufacture of devices in a wide range, thus exerting
tremendous effects on materials science, chemistry, physics, biology, biomedicine and so on.[6, 7, 8, 9,
10, 11] Over decades, graphene has been widely investigated and applied in wastewater treatment,[12]
(bio)sensors,[13, 14] composite materials[15] and other fields due to its excellent thermal and mechanical
properties.[16, 17] Its zero-bandgap characteristics, however, significantly limits the practical applications in
optoelectronics. Then, the transition metal dichalcogenides (TMDs) came on the scene as the first graphene
descendants, which are semiconductive essentially and are more promising to be fabricated into ultra-small
low power devices compared with graphene, with the potential to be deposited onto flexible substrates at the
same time.[18, 19, 20] In contrast, another 2D material, black phosphorus (BP), exhibits the incomparable
advantages over graphene and TMDCs, such as optical anisotropy,[21] tunable bandgap[22] and so on.
The tunable bandgap enables BP to suppress dark current effectively, thus enabling high signal-to-noise
ratio light detection.[23, 24, 25, 26] However, the preparation of BP is more difficult, and BP exhibits poor
stability in the ambient environment.[27] Hence, there is a pressing need to develop a new material that
has both tunable bandgap and outstanding environmental stability for photodetection and other purposes.

As a metalloid element of group-VI, tellurium (Te) is famous for its excellent properties from various
perspectives, such as piezoelectricity,[28] photoconductivity,[29] and thermoelectricity.[30] In 2017, through
first-principles calculations, researchers successfully predicted the 2D structure of tellurium,[31] named tel-
lurene, which has three configurations, the stable 1T-MoSs-like (a-Te) structure, as well as the metastable



tetragonal (f-Te) structure and the 2H-MoSs-like (7-Te) structures. They also measured the electron and
hole mobility of the three configurations through the acoustic phonon limited method to find out that a-Te
and 3-Te have carrier mobility of hundreds to thousands of cm?V~1s™! at room temperature. Subsequently,
Wang et al.[32] successfully prepared high-quality tellurene using a substrate-free solution process, with a
new member added to the 2D material family.

Compared with other 2D materials, in both theoretically and experimentally, tellurene shows high
environmental stability,[31, 33| tunable bandgap,[34] and lower thermal conductivity,[35] for which they
have aroused great interest among the researchers, especially the tunable bandgap character grants such
material system spectral tunability with a wide operating spectral range for multispectral photodetec-
tors that are sensitive to visible, ultraviolet, near-infrared, and far-infrared, thus broadband photode-
tectors, the key figures-of-merit of which contain external quantum efficiency (EQE), detectivity (D*)
and responsivity (R) that serve as a prevailing platform for an impartial comparison among broad-
band photodetectors.[36, 37, 38, 39] In addition, tellurene has different physical configurations, which
makes tellurene-based compounds have more types and more functionalities. Since the discovery of tel-
lurene, people have conducted a lot of studies on tellurene and its compounds serving as photoelectric
sensors.[38, 40, 41] For instance, an unusual photoresponse behavior of Te nanosheet based on the modula-
tion of thickness has been reported.[40] When the thickness of the Te nanosheet is thinner than 5 nm, the
negative behavior of the photoresponse appears while increasing the thickness can make the behavior be-
come positive. Additionally, an intriguing synthesis strategy for the transformion of 1D tellurium nanowires
into 2D tellurene nanobelts was proposed, which has been proved to have a microwave-enhanced effect on
photodetector application.[41] Moreover, on the flexible mica sheet, a special 2D hexagonal tellurium
nanosheet was prepared by van der Waals epitaxy (vdWE), it can still exhibit efficient photoresponsivity
after bending over 100 times, which indicates the considerable potential for applications in flexible and
wearable optoelectronic devices.[42] Meanwhile, continuous attention has been paid to the preparation and
applications of tellurides. Compared with tellurene, tellurides have different energy bands and electrochem-
ical properties, such as higher electron mobility and conductivity.[43, 44, 45] With a series of tellurides
that have been derived (like SnTe, PtTey, MoTe,, GeTe, GaTe), the superior photoelectronic properties of
tellurides have provided new solutions to the design of new photodetectors with better performance. For
example, a MoTe, /graphene heterostructure photodetector has been proved to be promising in the efficient
detection of near-infrared (NIR) light.[46] Besides, the PtTey/Si Schottky junction exhibits a high specific
detection rate and an excellent room-temperature infrared-imaging capability.[47] Therefore, a comprehen-
sive understanding as to the physical properties of tellurene and tellurides is essential for further promoting
these materials from the laboratory to industrial production. For these reasons, this review spotlights the
applications and development of tellurene and tellurides in the field of photodetectors, with the hope to
sort out the research progress made in this field in recent years and present it to wide range readers as
much as possible. We start by introducing the electronic and optical properties of tellurene in detail.
Then, the applications of tellurene/tellurides-based photodetectors are listed. Finally, a brief discussion is
conducted about the prospects and challenges of photodetectors based on 2D tellurene and tellurides are
briefly discussed.

2 Electronic and optical properties

We have already discussed various excellent properties exhibited by tellurene, such as high carrier mobility,
outstanding environmental stability, low thermal conductivity, tunable bandgap, and so on. Among them,
the most distinctive and striking properties are the high carrier mobility and tunable bandgap, which will
make its electronic and optical performances significantly distinguishable from other 2D materials. In this
section, we have made a detailed summary as to the electronic and optical properties of tellurene.
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2.1 Electronic properties

2D materials usually have excellent electronic properties due to their extraordinary structures. As a new
member of the 2D material family, tellurene possesses most of the properties that other 2D materials
have. Moreover, it has high carrier mobility, thickness-dependent bandgap, special interlayer coupling, and
splendid photoelectronic performance, which provides a strong supports for the development of tellurene-
based photodetectors. In this subsection, we have reviewed a series of first principles calculations and
experiments to summarized the electronic properties of tellurene.

2.1.1 Structure of tellurene

The unique spiral structure and inherent multivalent properties of tellurene are significantly different from
the notable 2D materials such as graphene and silicene. As we mentioned above, tellurene has three different
configurations (1T-MoSs-like (a-Te), tetragonal (8-Te) and 2H-MoSa-like (y-Te) structures).[31](see Fig-
ure la-c) The average cohesive energy of a-Te (2.62 eV /atom) is much higher than §-Te (2.56 eV /atom)
and 7-Te (2.46 eV /atom), as a result of which a-Te shows better stability. It is worth mentioning that
monolayer $-Te has a tendency to be transformed into monolayer a-Te not only for the higher average
cohesive energy, but also for more CLQBs (in the two-layer $-Te, each Te atom has 4/3 CLQBs, but the
monolayer has only 2/3 CLQBs),[34] and the definition of CQLB will be given later. At finite temperatures,
both the phonon calculations and the ab initio molecular dynamics simulations (AIMD) were performed
to examine the thermodynamic and dynamic stability of tellurene.[31] For details, all of three structures
are dynamically stable. At room temperature, a- and -Te are very stable, but «-Te cannot stay stable
even at about 200 K.
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Figure 1: The configurations (a-c) and band structures (d-f) of a-, 8-, and y-Te, respectively. Note: The band diagram is
calculated by PBE without SOC (solid line) and with SOC (dashed line). g) bandgaps obtained within the PBE (PBE +
SOC) and HSE (HSE + SOC) schemes.[?!] Copyright 2017, American Physical Society.

In addition, the multivalence of Te also makes the properties different from Te with different layers.
Actually, both metallic and metalloid characters are shown in Te. The central-layer Te atoms behave as
more of a metal, whereas the outer-layer Te atoms are more of a semiconductor. This may be because the
Te atoms in the center layer have higher coordination numbers n, (for a- and y-Te, nc_centrai—tayer—1e = 6,
while §-Te is 4) and are bonded with outer-layer Te atoms through metal-ligand-like bond. A further
Bader charge analysis confirmed the metal-like properties of the central-layer Te. Based on Bader charge
analysis, in a-, §- and ~-Te, the amount of charge transfer from the central atom to the outer atom is
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0.41, 0.11, and 0.29 eV respectively. The energy band of tellurene is more interesting. The a-, §-Te
with indirect bandgaps (0.76 eV for a-Te and 1.17 eV for 5-Te) are semiconductors, while ~v-Te exhibit
metallic properties. In Figure 1d,e, it can be seen clearly that for a- and p-Te, the spin-orbit coupling
(SOC) induces the transition from indirect to near-direct and direct bandgap at the I' point. Such an
indirect-to-direct bandgap transformation of a- and S-Te greatly increases its light absorption, which may
broaden the scope of applications for tellurene in photoelectronics and photon detection. Meanwhile, the
optical anisotropy exhibited by (§-Te shows its potential of being used as polarization optical sensors.

2.1.2 Bandstructures and couplings of few-layer Te

There are many ways of interlayer coupling in 2D materials. Different coupling ways of 2D materials
can lead to different properties. To some extent, they are one of the reasons why the material exhibits
certain properties. Graphite sheets are generally formed by weaker SOC, which belongs to the coupling
of van der Waals interaction, while tellurene, BP,[49, 50] PtSy[51] and PtSey[52] are carried out by the
so-called covalent-like quasi-bonding (CLQB). The interlayer coupling ways of Te do affect the nature of
the few-layer Te, which causes the transition from indirect to near-direct and direct bandgap (see Figure
1d,e).

Furthermore, the bandgap is a vital characteristic of 2D materials, because it will have a significant
impact on the electronic and optical properties of these materials. Figure 2c-g presents the band structure
of Te from 2 to 6 layers respectively. Both previous experiments and first-principles calculations show
that bulk Te is a semiconductor with a direct energy band around 0.31-0.34 eV.[53, 34] Moreover, the
relationships between indirect bandgaps, the position of conduction band minimum (CBM) and valence
band maximum (VBM), and the thickness of sample were calculated by hybrid (HSE06) functionals and
vdW-DF with or without SOC (see Figure 3a,b). Regardless of whatever functionals or methods are used,
and whether SOC is considered, the relationships between them show the same tendency. The number of
layers increases, but the bandgap decreases. The bandgap of few-layer Te is reduced from 1.17 eV (2L)
to 0.95 eV (3L), 0.83 eV (4L), 0.72 eV (5L), and 0.66 eV (6L) respectively when HSE06+SOC is used.
From Figure 3b, it is seemingly attributable to the increase in the number of Te layers that significantly
increases VBM, but CBM has not been severely affected.[34]

Besides, to better understand the different orbital contributions to the electronic states in Te, the total
density of states (TDOS) and partial density of states (PDOS) were considered and calculated by PBE
function.[48] From Figure 2i, it can be found out that both VBM and CBM are dominated by p orbitals,
while the level of s-d mixing in VBM and CBM is dependent on the state location. Moreover, the movement
of the VBM to the Fermi level is not asymptotic but exhibits odd-even quantum confinement character.
Figure 3c-f show the differential charge density (DCD) of DCD-dbC (double Te atomic chains) and DCD-
2L (bilayer -Te). It can be found out that charge reduction is near one Te atoms and accumulation
between two Te atoms, which shows the covalent properties of these interactions. Also, the partial charge
density which can reflect the spatial distribution of the bilayer-3-Te wave function is shown in Figures
3g—j. As can be seen form them, at the H” point (see Figure 2 (b)), the rectangle in Figure 3g (state VB4)
shows interlayer bonding states while (h) (state VB1) shows anti-bonding states. As previously observed
in BP,[49, 50] PtS,[51] and PtSe;[52], this bonding occupying both the bonding and anti-bonding states
is CLQB.

2.1.3 Carrier mobility of tellurene

For semiconductor materials, carrier mobility is a parameter that has to be considered carefully. It can
clearly reflect the moving speed of carriers, that is, electrons and holes, in a solid material under an external
electric field. This also determines whether it can be used for the manufacture of electronic equipments
in a wide range. For a long time, people have been committed to exploring materials with high carrier
mobility, which can provide higher frequency response or faster time response and significantly improve
the performance of the photodetectors. Hence, the acoustic phonon limited method has been adopted to
examine the carrier mobilities of a- and g-Te at 300 K.[31] At the same time, the effective masses and
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Figure 2: a,b) Brillouin zones of Bulk and few-layer 8-Te. c-h) Bandstructures of 2 to 6 layer (2L—6L) 8-Te and bulk,
respectively.** Copyright 2018, Elsevier. i) TDOS and PDOS of tellurene in different layers calculated by the PBE4+SOC.[48]
Copyright 2019, Sang et al.

carrier mobility of monolayer 2H-MoS, have also been calculated and listed for the purpose of comparison.
From the Table 1, it can be seen that the effective masses of a- and -Te are relatively smaller compared
to monolayer 2H-MoS,. Also, the carrier mobilities of both electron () and hole () are much higher
than 2H-MoS,, falling within a wide range of 0.05-2.09x10% cm?V~!s™! (for electron) and 0.45-1.98x10?
em?*V~1s™! (for hole), respectively. It is worth noting that the different effective masses result in the
asymmetric mobility of electrons and holes, as reflected in S-Te. Therefore, 5-Te shows the anisotropy of
electron and hole mobility in the y direction.
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Figure 3: Interlayer couplings of few-layer S-Te. a,b) The relationship between bandgap, CBM, VBM, and sample thick-
ness. c-f) Differential charge density of DCD-dbC (double Te atomic chains) and DCD-2L (bilayer 8-Te). g-j) Visualized
wavefunctions for g,h) VB4-H’ and i,j) VB1-H’.134 Copyright 2018, Elsevier.

Table 1: The carrier mobilities p and effective masses m* of a-, 8-Te, and 2H-MoS,, calculated by the PBE+SOC. (x) and
(y) represent the armchair chain and zigzag chain directions respectively. Data from Ref[31]

m*(m,) (103 em?V—1s71)
Electron Hole Electron Hole
a-Te 0.11 0.17 2.09 1.76

4T 0.83(x)  0.39(x) 0.05(x)  1.98(x)
e 0.19(y)  0.11(y) 0.10(y)  0.45(y)
9H-MoS,  0.47 058  0.08 0.29

2.1.4 Strained tellurene

Many ways that can modulate the characteristics of 2D materials have now been proposed, such as sub-
strates regulation,[54, 55, 56| stacking,[57, 58, 59] atomic doping,[60] and strain,[54, 61, 62, 63] etc. Among
them, the strain has received widespread attention as one of the most direct ways of influence, such as
strain-dependent adsorption energy of the benzene-graphene system.[54] The compressive strain will in-
crease the adsorption energy of benzene on graphene. In fact, not only does it affect the adsorption
energy, applying external stress can also effectively adjust the electronic properties of 2D materials. At
the moment, strain has become an easy-to-implement routine method for designing electronic properties
of semiconductors.[61, 62]

The tension between Te layers will reduce the direct bandgap, but compression will induce Te to show a
direct-to-indirect bandgap.[64] Figure 4a shows the change in bandstructures of 5-Te when biaxial strain
is applied. It is easily observable that when tension is applied, from € = 0% to 6%, tellurium still maintains
the characteristics of the direct bandgap. The energy of VBM does not change significantly, while CBM
gradually shifts down towards the Fermi Level, which makes the bandgap gradually shrink. The bandgap
is only 0.86 eV when the tension is applied to 6%. More notably, it can be seen from Figure 4a that
the CBM shifts from I" to X. When ¢ = -2%, the applied compression strain induces a transition from
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the direct bandgap to the indirect bandgap. As the compression strain continues to increase, the energy
of CBM will gradually shift down towards the Fermi Level, but Te is remains a semiconductor with an
indirect bandgap. Eventually, when the compression strain is increased to e = -10%, tellurium even exhibits
metallic characteristics. In fact, along different directions, the impact of strain on the electronic properties
of tellurene exhibits anisotropy. Figure 4b shows the impact of uniaxial strain on the tellurene bandgap in
the zigzag (blue line) and armchair (black line) directions. The zigzag direction presents an effect similar
to the biaxial strain, and the compressive strain clearly changes the bandgap and its electronic properties.
However, the strain in the armchair direction does not lead to a significant change in the bandgap. In
addition, the tensile strain has little effect on the tellurene band structure. In contrast, the armchair
direction and biaxial strain change more significantly than the zigzag direction.[64]
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Figure 4: a) The band structures of 2D Te under different biaxial strain (from & = -10% to 6%) with SOC. b) Variations
of bandgap under different strain. c) Variations of hole and electronic effective masses with respect to the biaxial strain for
tellurene.[%4 Copyright 2016, Zhu et al.

As mentioned earlier, effective mass is also an important influencing factor for carrier mobility. In fact,
effective electron/hole masses are also affected by the strain of tellurene. Figure 4c¢ shows the relationship
between the effective mass of electrons and holes and the biaxial strain of g-Te. Compressive strain
significantly changes the effective mass of electrons, thus causing m}, to rise sharply to 2.48 m, at € = -2%
(it has to be said that this jump greatly changes the electronic conduction properties of tellurene). With
continued compression until ¢ = -10%, and the mg, will gradually decrease. Compared with the previous
energy bandstructures, the change of mg, is also consistent with the results of CBM shifting from I' to X,
thus causing a transition from the direct bandgap to the indirect bandgap. Also, the m?, decreases from
0.83 m. (¢ = 0%) to 0.36 m, (¢ = -10%). Additionally, neither the tensile strain nor the compressive strain
has substantial impact on the effective mass of the hole. Later, similar results were obtained by Ma et al.,
confirming the effect of strain engineering on the electronic properties of -Te.[62]

Dong et al. showed that due to its inherent structural characteristics, 5-Te exhibits extremely pro-
nounced anisotropy in stress-strain curves, Poisson’s ratio, and Young’s modulus.[61] 8-Te can withstand
extremely high strains.(~35% in the zigzag direction and ~36% in the armchair direction) The Young’s
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modulus of 3-Te is 55 GPa in the zigzag direction and 27 GPa in the armchair direction, which is close to
the results of Ma et al.[62] The very high critical strain and the small Young’s modulus imply that g-Te
has good flexibility. Considering again its high anisotropic carrier mobility, 5-Te becomes a promising
candidate for flexible nanoelectronics.

2.2 Optical properties

The research on the optical properties of tellurene has been extensively carried out in recent years.[65,
66, 67] Tellurene is an excellent potential material for photodetector applications, the optical properties
of which largely determine its applicability in photodetection. In this section, an overview is presented
of the main optical properties of tellurene. The optical properties of tellurides and the performance of
tellurene/telluride-based photodetectors will be described in detail in the following section.

Experimentally, relatively stable a- and (-Te are easier to be prepared, so that there are more studies
focusing on the optical properties demonstrated by these two phases of tellurene.[70, 71] Studies have
shown that both a- and g-Te exhibit a positive absorption response to light. At the same time, the
light absorption coefficient (absorption efficiency) of the few-layer a- and p-Te will decrease when its
thickness increases, which results from the layer-dependent energy band, strong interchain coupling, and
the interlayer coupling caused by interlayer electron hybridization. Further analysis shows that a- and §-Te
exhibit good optical responses to infrared to visible light and visible light to ultraviolet light, respectively.
Under laser irradiation with the wavelengths of 512 and 382 nm, the light absorbance of the few-layer a-Te
shows the layer-dependent behavior, and the absorption rate in each layer of the bilayer a-Te is almost
1.65 times (512 nm) and 2 times (382 nm) higher than the bulk Te, respectively. The light absorption rate
of few-layer 3-Te at 175 nm exceeds 0.5 x 10° cm~! and is gradually extended to the visible light region,
with the highest absorption achieved for the blue-violet visible region. The bulk Te exhibits the highest
absorption intensity in the 140 nm ultraviolet region.

In experiments, Raman spectrum is one of the most important means to verify the types and properties of
experimentally prepared materials.[72, 73| For the 2D tellurene whose properties are significantly influenced
by the number of layers, the determination of Raman spectra can be conducive to the preparation and
study of it. The Raman spectral line of 2D Te at room temperature shows that the tellurene nanosheets
with a greater thickness greater than 20.5 nm exhibit three different modes of Raman activity modes
located at approximately 92, 121, and 125 cm™! (see Figure 5d), respectively.[68] As the thickness of the
few-layer Te decreases, the electro-optic effect of the 2D Te lattice diminishes. Besides, along with the
potential energy of the phase change, the Raman peak of the tellurene with a thickness of 9.1 nm shows
the E; longitudinal (LO) mode. In addition, the reduction in thickness also leads to the obvious peak shift
of the Raman spectrum. As the layer of 5-Te decreases, the Raman peak undergoes obvious low-frequency
to high-frequency movement (The A, and B, modes are vibrational modes in the parallel/perpendicular
atomic layer direction, respectively.). Such changes are caused by the symmetrical distribution of the
structure, the changes in the electronic energy bandstructure, and the structural phase caused by the
reduced number of layers.

On the other hand, the effect of strain on the optical performance of Te cannot be ignored. As revealed
by the studies on the Raman spectra of tellurene affected by strain, the uniaxial strain along the c-axis
of the structure can cause Raman spectra to show obvious changes, while the strain along the a-axis of
the 2D Te will not cause any changes to Raman spectra.[69] The Lorentzian function was relied on to fit
the Raman spectra, so as to obtain the peak frequency of each mode at different strain magnitudes. Both
tensile and compressive strains change the Te-Te atomic distances, which affects their interactions. The
compressive strain applied to Te along the c-axis causes a blue shift in both the A; and E? modes, with
the slopes of 1.1 cm ™% ! and 0.9 cm~'% !, respectively, whereas uniaxial tensile strain causes a red shift
in A; and E2, with a slopes of 1.0 ecm™ %! and 1.2 cm™'%!, respectively. No measurable Raman shift
was observed in the E' mode, nor did strain in the c-axis cause any change in the position of the E; peak,
which is attributed to the low sensitivity of the E! mode to deformation in the c-axis. The strain in the
a-axis did not cause a shift in the mode peak, which is a further evidences not only the anisotropy of the
2D Te, but also the fact that the 2D Te conforms to weak van der Waals interaction in the a-axis and that
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strain does not affect the Te interatomic distance.

In terms of light response mechanism, tellurene is similar to most materials intended for photoelectric
detection. One type of mechanism is free carrier excitation. Caused by optical transition, it includes
the photoconductive effect, the photovoltaic effect, and the photogating effect.[74] The other is caused by
thermal effects, such as the bolometric effect and photothermoelectric (PTE) effect.[75] The photodetectors
working with the photovoltaic effect often form a p-n structure through heterostructure by chemical doping
and form a photovoltaic voltage by dividing photogenerated electron-hole (e-h) pairs. The output curves
of these devices under dark and light conditions are nonlinear with rectification characteristics. Besides,
they are able to operate at zero or reverse bias while maintaining very low dark currents and high quantum
efficiencies. The applications of reverse bias can also accelerate the production of photogenerated carriers,
thus leading to large photoconductive gains, which suggests that such devices are of high value in the
field of weak light detection. The photoelectric effect and the thermal radiation effect are both affected
to some extent by the device fabrication process. The photodetectors based on the photoelectric effect
are often considered as light-generated free electron-hole pairs caught in a trap state, thus allowing the
charged trap state to act as a localized floating gate that strongly modulates the channel conductance. For
example, the GaTe nanosheet photodetector, which will be mentioned later, has more trap states due to its
manufacturing process, which makes the device unfit for use in an air environment, despite the excellent
photocurrent linearity in vacuum.

3 Applications

A photodetector, also known as photosensor or O/E convertor, is a type of device which converts optical
signals into electrical signals. Photodectors have been widely used in such settings as industrial automatic
control, missile guidance and infrared thermal imaging, etc. Heretofore, over hundreds of photodetectors are
conceived and manufactured based on 2D materials. As the research on tellurene and tellurides deepens,
there have been many projects implemented to take advantage of the excellent properties exhibited by
tellurene and tellurides to develop photodetectors, such as large-scale and environmental stability. Herein,
we have reviewed the research of photodetectors based on tellurene or tellurides (MoTey, PdTes, PtTe,,
WTe,, GeTe, SnTe, GaTe) in recent years.

3.1 Tellurene photodetector

As a p-type helical semiconductor, at room temperature, bulk Te has a narrow bandgap of 0.35 eV. Various
excellent physical properties, such as high thermoelectricity,[30] photoconductivity,[29] nonlinear optical
response, [76] and piezoelectricity,[28] make it an excellent candidate in such applications as infrared acous-
tooptic deflectors,[77] solar cells,[78] gas sensing,[79] photoconductors,[80] and field-effect transistors.[81]
When Te is fabricated down to the nanoscale, its physical properties are remarkably distinct from those of
bulk Te. According to recent studies, tellurene has the following advantages in performance and process:
(1) the bandgap of tellurene can be adjusted by thickness and the operational wavelength covers visible to
mid-infrared wavelengths; (2) it demonstrates unique polarization sensitivity and ultra-fast responsiveness;
(3) it has a good electron modulation ratio (~10°-10°) and can be consumed by adding a reverse electric
field; (4) tellurene is stable under air and room temperature conditions and does not require additional
encapsulation techniques; (5) the chain structure of tellurene leads to a long carrier lifetime; (6) It can be
mass-produced by substrate-free, low-cost solution treatment and integrated in a large area. In summary, as
an emerging 2D material, tellurene combines such advantages as tunable bandgap, polarization sensitivity,
high carrier mobility, long carrier lifetime, excellent environmental stability, and easy preparation.

In 2018,[32] the successful preparation of high-quality, large-area, thickness-tunable 2D tellurium by
a substrate-free solution process rekindled widespread interest among researchers. Thereafter, the rele-
vant electronic and optical properties of the few-layer tellurene were calculated by first principles.[34, 48]
Unlike the monolayer (1 L) structure, the bandgap of few-layer tellurene (2-6 L) changes from direct
to indirect, and it can be adjusted in the range from 1.0 eV (1 L) to 0.3 eV (6 L). The results clearly
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Figure 6: a) Schematic illustration of the crystallographic structure of tellurene. b) AFM image of back-gate tellurene FET.
¢) TEM image of tellurene (inset: the SAED pattern). d-g) Tellurene photodetector operating at 520 nm. d) Gate-dependent
photocurrent (left axis) and channel trans-conductance (g,,, dash gray line, right axis) measured at different polarization
angles (Vgs= 1 V). e-g) Dependence of the photocurrent with polarization angles, power dependence of photocurrent, and
photocurrent versus modulation frequency under various incident powers (Vo= 5V and Vgs=1 V), respectively. [38] Copyright
2019, American Chemical Society. h) Schematic illustration of waveguide integrated tellurene photodetector. i) Effective
carrier concentration under different gate voltages in tellurene flakes of different thicknesses.[®2) Copyright 2019, American
Chemical Society.

demonstrate the layer dependence of the electronic and optical properties exhibited by tellurene. The
significant variation in the electronic energy bandstructure and excellent absorption properties of tellurene
has promising applications in ultra-high-speed transistors and photodetector devices in the near-infrared,
ultraviolet and visible regions. For example, in the field of high-gain bandwidth photodetectors, air-stable
and hydrothermally-synthesized 2D tellurium nanosheets have been used for broadband and ultra-sensitive
light detection.

Figure 6a presents a schematic diagram of the crystal structure possessed by tellurene. Each Te in
the chain is covalently bonded to its two nearest neighboring Te atoms, thus forming triangular helical-
chains, and the helical-chains are arranged in parallel in the [0001] direction. Figure 6b illustrates a
synthesized tellurene nanoflake with four electrodes. From Figure 6c, it can be seen that the single-crystal
nature of the tellurium has been successfully revealed through the images of high-resolution transmission
electron microscopy (TEM) and the patterns of selected area electron diffraction (SAED). The crystal
plane spacing is 1.9 A([1210] planes) and 2.8 A([0001] planes), which is consistent with the calculation
results of DFT.[34, 83] Based on the physical properties of tellurene, Shen et al. reported the study of
a tellurium-based photodetector operating in the wavelength range from 520 nm to 3.39 pm.[38] They
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prepared a field-effect transistor using tellurium as a channel material to investigated its optoelectronic
and electrical properties. The forbidden band of tellurium was studied by means of quantum molecular
dynamics (QMD) simulations, which confirmed its applicability to mid-infrared (MIR) photodetectors.
Under ambient conditions, the hole mobility of tellurium nanosheets reached up to 458 cm?V~!s7!, and
the peak external responsivity was 383 A/W (520 nm), 19.2 mA /W (1.55 ym) and 18.9 mA /W (3.39 pm) at
different wavelengths, respectively. Due to the photogating effect, the high gains of up to 1.9x10% (520 nm)
and 3.15x10* (3.39 pum) were obtained. Besides, the tellurium-based photodetector exhibited exceptionally
high anisotropy at a communication wavelength of 1.55 yum, and a large bandwidth of 37 MHz was obtained
due to the pure photoconductive effect.[38] Therefore, the device can cover the detection of short-wave
infrared wavelengths and even the mid-infrared wavelengths. The FET tellurium-based photodetection
was examined at the wavelengths of 520 nm, 1.55 um, and 3.39 um, respectively. As shown in Figure 6d-g,
the dependence of the time response was first measured at the wavelength of 520 nm with source-drain
bias (Vg4s) = 1 V, and the polarization angles were spaced 15°apart. All photocurrent (I,,) curves show an
asymmetric peak at V, = 5V, which presents a threshold voltage shift about the channel trans-conductance
(gm), indicating a photogating effect of the photocurrent. A polar plot of the photocurrent dependence
with respect to the polarization angle under the optimal conditions of V, = 5 V and Vg4 = 1 V has also
been presented, with a dichroic color ratio of 1.9 at the 520 nm wavelength.

However, the detection range of the above tellurene-based devices is insufficient for better application in
mid-infrared detection. Hence, a waveguide-integrated tellurene photodetector was proposed and designed
(see Figure 6h).[82] After waveguide integration, the tellurene spectral range is extended to the mid-infrared
at the wavelengths ranging from 2 to 3.6 um, and the signal-to-noise ratio (SNR) is also improved. Figure
61 shows the minimum carrier concentration that is achievable in a graphene/Geg3Sb7S70(20 nm) /tellurene
metal-insulator-semiconductor (MIS) structure. In this MIS structure, a minimum carrier concentration
of 7.5 x 10 c¢m™3 can be obtained at a thickness of 10 nm for tellurene. The thicknesses lower than 10
nm are not desirable for photodetectors where an added bandgap would limit the spectral range of the
detector. In addition to photodetectors, photomodulators and switches are the essential parts of photonic
circuits, while tellurene is useful in photomodulator devices due to its high electro-optic (EO) activity.
In mid-infrared integrated Puckers modulators, for example, tellurene is a semiconductor rather than an
electrical insulator, which is fundamentally different from conventional EO crystals.[82] For this reason, the
device behavior changes with the movement of free carriers given applied bias. Although strained silicon
possesses similar properties, the free carriers in Si are heavily shielded in an insulator-semiconductor-
insulator (ISI) configuration, thus resulting in a severely diminished Pockels effect. The 2D vdW materials
on integrated photonic devices can be directly fabricated on chalcogenide glasses (ChGs) platforms and the
amorphous compounds containing S, Te, or Se. Therefore, the ChGs on the telluride platform heralds a
truly monolithic, wafer-level integration process for mid-infrared photonics that can be realized on standard
substrates, which is an advancement that facilitates the scalable fabrication of mid-infrared optical systems.

3.2 MoTe; photodetector

As a compound of tellurium (Te) and molybdenum (Mo), MoTe, can be crystallized in 2D flakes and
thinned into a single layer that is flexible and almost transparent. As a variety of TMDC material, it’s
also a semiconductor that can emit fluorescence. The bandgap of MoTe, varies from 0.83 eV in bulk to
1.1 eV in a monolayer, which is much smaller than that of other TMDCs such as WSey; and MoS,. Also,
the light absorption spectrum of MoTes from visible light to near-infrared indicates its potential of use as
a semiconductor in electronic or infrared detectors.

More and more 2D heterostructures are designed to achieve improved properties. The Fermi level and
carrier density of 2D materials can be effectively adjusted through the gate bias in the heterostructures,
which contributes a new solution to the making of tunable devices. However, the lack of well-designed
relative band offset of the junction makes these 2D heterojunctions showing a quite limited ability to
adjust the electrical and optoelectronic properties.[84, 85, 86, 87] While among these 2D heterostructures,
the MoTe,/BP heterostructure shows promising grid adjustable characteristics. By means of electrostatic
gating, the MoTe,/BP heterostructure can be adjusted to a p-p or p-n junction. Therefore, gate bias can be
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effective in tuning the photovoltaic characteristics and direction of the rectification for the device. The grid
tunable band alignment of MoTe,; and BP explains this interesting phenomenon well. In addition, through
the induction of the large inbuilt electric field formed between MoTe; and BP, this device shows excellent
optical properties, including the fast response of external quantum efficiency and high responsivity.

As a group-1V semiconductor material with a bandgap of 0.67 eV,[90] Ge is considered to be a great
material for the design of near-infrared photodetectors due to its small bandgap inducing a large absorption
coefficient at near-infrared frequencies. In 2019, the MoTe, /germanium (Ge) heterojunctions for photode-
tector applications were first investigated. Chen et al. systematically studied the optoelectronic properties
of MoTe, and Ge heterojunction photodetectors under the context of 915 nm laser illumination.[89] Unex-
pectedly, MoTe,/Ge heterojunctions photodetector showed excellent performance with a high responsivity
of 12,460 A/W, a short response time of 5 ms, and a satisfactory specific detection rate of 3.3x10'? Jones.

Moreover, for reducing the reverse current in darkness, a GeOs layer was sandwiched by Ge and MoTes
(see Figure 7d). Surprisingly, it effectively reduced the current by more than four orders of magnitude.
Actually, the GeOy layer acts as a thin barrier layer that reduces the hot carrier transport between Ge and
MoTe,, thus effectively suppressing the I, of the MoTey/Ge heterojunction.[89] The I-V curves of the
MoTey/Ge and MoTe,/GeOy/Ge heterojunction in darkness are plotted in Figure 7g. The insertion of the
GeO, layer reduces the Ij.q;, to a very low level of 0.03 nA/um?. In addition, the GeO, layer also prevents
carrier transport at the forward bias voltage, thus resulting in a reduction of the forward current in the
dark. However, the more pronounced reduction in reverse current compared to forward current leads to
an increase in rectification rate (133 without GeOy and 654 with it) when the insertion of the GeO, layer
is followed. These results indicate that MoTes/Ge heterojunctions are applicable as a high-performance
near-infrared photodetector in the future.

Additionally, the MoTey/graphene heterostructure photodetector has also been proven as fit for use
in near-infrared light detection.[46] The device achieves a responsivity of about 970.82 AW™! at 1064
nm and a broadband photodetection (visible-1064 nm). The electrons trapped in the local states of
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MoTe, induce an effective light gating effect. The device exhibits an extremely high photoconductivity
gain of 4.69x10% and a detection rate of 1.55x10'" emHz'/?W 1. In addition, the device based on the
MoTe, /graphene heterostructure on the flexible substrate also shows high flexibility, which maintains an
excellent photodetection ability (a high responsivity of about 60 A/W, at 1064 nm, V4 = 1 V ) through
thousands of bending tests. Considering various merits like high responsiveness, broadband photodetection,
and flexibility, MoTes /graphene photodetectors could be extremely suitable for application in bioimaging,
wearable devices, and telecommunications.[46] It also offers new options for the development of flexible,
low-cost, and efficient broadband NIR photodetectors.

3.3 PdTe, photodetector

The heterostructures formed by combining semiconductors with other materials address the drawbacks
of previous deep ultraviolet (DUV) detectors, including low DUV /visible light rejection, small quantum
efficiency, and fabrication difficulties. The weak van der Waals interactions between neighboring layers of
2D materials allow a variety of heterostructures to be used for high-performance photodetection. Charac-
terized by type-II Dirac fermions and topological superconductivity, PdTes; has demonstrated consistent
performance and high carrier mobility in tests.
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Figure 8: a) Schematic diagram of the PdTe;/GaN photodetector (top panel) and the SEM image of multilayer PdTeq
(bottom panel). b) Raman spectrum and 2D Raman mapping (inset) of multilayer PdTe;. ¢,d) I-V curves (in dark) and the
current contrast map under 265, 365 and 450 nm illuminations. [ Copyright 2021, IEEE. e) Crystallographic structure of
PdTesy. f) Microscopic view of the metal-PdTe, contact along with the atomic chains. g) Schematic diagram of the PdTeo-
based photodetector. h) The PGE process and its polarization terahertz field dependence. i) The Dirac cone projection along
the k, — k. plane.l”!] Copyright 2020, Guo et al.

The multilayer PdTey/GaN heterostructure with a Visible-Blind deep-UV photodetector device was
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explored by combining the above features.[72] A multilayer large-area 2D PdTes; has been synthesized and
transferred to GaN substrates for the formation of vertical heterostructures. A SEM image of the smooth
surface of the multilayer PdTe, film is shown in Figure 8a. The Raman spectrum shows two peaks
located at about 71.5 cm™! (E,) and 130.3 cm™*1 (Ay,) (see Figure 8b). The high degree of continuity
and homogeneity of the sample can be seen from the Raman spectrum. In the inset of Figure 8b, the
peak intensity of the very narrowly distributed A;, activity mode is displayed. Both the XRD image
and the AFM image indicate that the synthesized PdTe; is a polycrystalline film consisting of submicron-
sized crystal domains.[72] The I-V curves of the heterostructure show a satisfactory rectification ratio.
In the meantime, the I-V curves under different wavelengths of illumination in the dark have also been
drawn (see Figure 8c). The heterostructure shows the great response at 265 nm illumination, which is
~10 times higher than that at 365 nm illumination. Besides, it shows poor sensitivity to the 450 nm
illumination. In fact, the optical-image-sensing capability of PdTey;/GaN heterostructure photodetector
has also been explored. Light is illuminated through the hollow ‘H’ pattern and a shadow mask with a
hollow square pattern is placed on top of it used to determine the effective area. A stepper motor was
used to drive the photodetector to collect the current at each pixel point. Figure 8d shows the detected
patterns under the 265, 365 and 450 nm illumination. It is clear that the image can be clearly identified
under 265 nm illumination, the image under 365 nm illumination is faintly visible, and the image under
450 nm illumination is almost black. These results imply that the PdTey;/GaN heterostructure DUV has
great potential for optical image sensing applications. Moreover, such a pronounced photovoltaic effect
at 265 nm illumination makes the heterostructure suitable for making a self-driven device. Beyond that,
this device has a large photo-dark current ratio of 10° and shows outstanding photoresponse characteristics
(peak ~320 nm, cutoff ~370 nm) in the DUV spectral region (220-360 nm). The DUV /visible (265 nm /450
nm) rejection ratio exceeds 10%, evidencing its capability of visible-blind UV detection.

Furthermore, in the study of nonlinear optical response on topological semimetals (TSM), a photode-
tector based on type-II TSM PdTe, was developed.[91] PdTe, has a Cdl,-type structure and belongs to
the P3m1 space group, the crystal structure of which is illustrated in Figure 8e. In the absence of electric
field applied, then three mirror planes exist on the surface of [001]. The spacing between the crystallo-
graphic planes can be obtained as 1.99A[110]. The electron pocket near the Fermi surface in the k,-k,
plane exhibits evident symmetry, which also indicates the inversion symmetry of PdTe, and the rotational
symmetry around the c-axis. A schematic diagram of the device is shown in Figure 8g. Without any illu-
mination, the flow of scattered electrons completely cancels out, while under illumination, a large number
of carriers driven by the THz field generate a net shift current (See Figure 8h). Through an experimental
investigation into the field polarization modulation of photgalvanic effect (PGE) in PdTe, and anisotropic
photocurrents in PdTe; TSM, it is demonstrated that polarization-dependent photocurrent effects can
produce directional photocurrents with high anisotropy. The excellent responsiveness (10 A/W), the fast
response time (1s), and low noise equivalent power (NEP) (2 pW/Hz?) at room temperature provide the
basis for the fast imaging of macroscopic objects over large areas. The discovery is expected to promote
the exploration into special optoelectronic phenomena.

3.4 PtTe, photodetector

As for topological semimetals, the peculiar band structure (such as type-1I Dirac cone) of platinum telluride
(PtTes) has been discovered in recent years. Due to the unique type-II Dirac fermions, PtTes has become
an intriguing candidate for optoelectronics. A CdI,-type crystal structure [space group P3m1(164)] of the
bulk PtTe, is showed in Figure 9a,b.[73] Herein, vdW interactions maintain the fluctuating Te-Pt-Te
atomic layers, thus making it a unique hexagonal structure. The distance between two neighboring layers
is evaluated at approximately 0.522 nm.[92] Fast Fourier transform (FFT) and TEM images (see Figure
9c,d) also show a clear hexagonal lattice, while the lattice spacing of the (100) and (110) crystal planes
are determined as 0.117 and 0.211 nm, respectively.[73]

The direct photocurrent generation in the terahertz (THz) band at low energy has been achieved in
a planar metal-PtTes-metal structure at room temperature. Non-metallic materials are opaque and non-
ionizing at infrared frequencies, but THz-band photons can penetrate most non-metallic materials and are
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Figure 9: The top (a) and side (b) view of the PtTey atomic structure. The TEM image (c¢) and FFT pattern (d) of the PtTes.
e) Schematic diagram of PtTes-based THz detector. f) The rising edge and falling edge (the inset) of the photocurrent. g)
Schematic diagram of graphene-PtTey based THz detector. h) Raman spectrum of the PtTes-graphene heterostructure. i)
The dependency of the photocurrent with respect to the incident power. j) Time response of the device at different bias
voltages. k) The response/recovery times for the graphene-PtTes-based photodetectors under zero bias.["™! Copyright 2019,
WILEY-VCH. 1) Schematic diagram of PtTes/Si heterojunction device. m) I-V curve in darkness and the corresponding
semi-log plot (inset). n) Illumination wavelength-dependent responsivity.[¥ Copyright 2021, American Chemical Society.

commensurate with the characteristic frequencies of the rotational and vibrational spectra of biomedical
molecules.[73] Thereupon, THz-band photons have a broad range of applications in (bio)medical, remote
sensing, security, and nondestructive quality testing.[93] It has been demonstrated that gapless graphene
FETSs have the ability to perform detection in the region of overdamped plasma waves at room temperature.
However, the low switching-off ratio greatly limits the performance of the device due to its gapless nature.
PtTes has been used in the planar detectors operating in the terahertz range. Figure 9e shows the schematic
diagram of a THz photodetector based on PtTey in contact with a bowtie type planar, where the bowtie
type antenna is used to reinforce the THz electric field strength and also applied as an electrode. The
device has a small resistance of 64 €2, which is consistent with the semimetallic nature of PtTe,. The pulse
shape of the detector is well maintained at three bias voltages (0 mV, -50 mV, and -100 mV), with the
response time and the recovery time being 17 and 16 us, respectively. Also, the response is remarkably
faster than typical thermal-based room-temperature detectors, which is fast enough for frame-rate imaging.

In order to better explore the proposed transportation properties of layered PtTey, multilayer graphene
was prepared with PtTe, sheets stacked vertically to form a vdW heterostructure(see Figure 9g).[73] From
the Raman spectrum shown in Figure 9h, it can be seen that, graphene and PtTe, retain their electronic
properties at the vdW interface. Herein, two peaks at 111 cm™! (E,) and 157 cm™*(Ay,) corresponds to
PtTe,y, and the peaks at 1581 cm™! (G) and 2726 cm™! (2D) corresponds to graphene. The inset of Figure
9h shows the spectrum of the conductivity dI/dV exhibiting nonlinear characteristics especially at low
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bias, which owing to interfacial tunneling between layers.[73] Meanwhile, due to the semimetallic nature of
PtTe, and graphene, the resistance of the device drops from 1.2 k2 to 600 €2 at higher bias voltages, which
is less than the resistance of typical semiconductor heterostructures by a factor of at least 100. Afterwards,
the PtTe,/graphene heterojunction device was further explored as a photodetector. At zero or negative
bias, the interfacial carrier diffusion process of PtTey and graphene is non-equilibrium. Figure 9i shows
the photocurrent curves of the graphene-PdTe,; heterostructured device as measured at different incident
powers and without applied bias. The photocurrent saturates at 0.6 uW, which is different from the result
of the original device, demonstrating the capability of low-power detection and high-efficiency interlayer
coupling that the heterojunction device has. Figure 9j,k shows the response speed of the heterostructured
device under fast modulated radiation at 1 kHz. Even though the graphene-PtTey device is much more
resistive than the original one, its pulse shape is well maintained and it has a good signal-to-noise ratio and
fast response time (~10 pus). This is a significant advantage over commercially available Schottky diode
detectors.

Besides, PtTey contributes new ideas to mid-infrared (MIR) photodetection. First of all, PtTe, thin
films exhibit typical semimetallic behavior, which is consistent with the calculation results of DFT.[92]
Secondly, the combined multilayer PtTe, and Si results in the formation of PtTe,/Si heterojunctions
with satisfactory outcome of rectification effect.[94] The 2D PtTe, layer consists of single crystal domains
with highly preferred [001] orientation along the normal direction, which reduces the impact of interfacial
defects and ensures effective out-of-plane carrier transport. For instance, the vdW bonded PtTe, layers
coupled with 3D covalently bonded Si wafers were explored for a novel broadband MIR photodetector.
Although the 2D PtTe, layer and the Si wafer are less sensitive to MIR, it is observed that 2D PtTey/Si
heterojunctions exhibit a large number of photoexcited carriers under MIR illumination in the spectral
range of 1-7 pum. Its superior physical properties can be attributed to the Schottky junction properties.
Figure 91 shows a schematic diagram of a 2D PtTey/Si MIR photodetector. Due to its Schottky properties,
a strong built-in potential is applied. The presence of this intrinsic Schottky junction facilitates the
efficient separation and collection of photocarriers, thus improving the mid-infrared responsiveness of the
structure. Additionally, the variation in optical transmittance and conductivity of the 2D PtTe, layer has
been investigated, and the result of which is that the optical transmittance of the device decreases and
the electrical conductivity increases as the thickness of the platinum seed increases. Figure 9m selects a
two-terminal current-voltage (I-V) curve, which was obtained from a representative device prepared from
platinum with a 4.5 nm thickness. Due to the interfacial Schottky junction between the metallic 2D PtTe,
layer and the semiconductor Si, a highly asymmetric -V characteristic is observed in the dark, along
with a high rectification ratio at £2 V. The inset shows the corresponding semi-logarithmic plot. Figure
9n shows the response rate versus illumination wavelength in the NIR range of 1.1-1.9 um. Probably
due to a significant decrease in the absorption of silicon, the responsivity initially decreases after 1.1 pum
and then becomes almost saturated beyond that wavelength. However, the observed responsivity in a
similar wavelength range is still significantly greater than the values as measured with a separate 2D PtTe,
layer. Meanwhile, a wafer-scale 2D PtTe, was prepared by taking a simple tellurium vapor transformation
approach,[47] which resolves the downsides like strict operational requirements, environmental toxicity, and
the high cost of the materials dominated by conventional InSb, HgCdTe alloys, and quantum superlattices.
Also, it breaks various limitations including the poor stability of BP-based MIR photodetectors and the
difficulties in large-area integration, which enables PtTes to show its superiority in such settings as civil
and military surveillance and night vision.

3.5 WTe; photodetector

WTe, is a unique material in the family of TMDCs, which has been proposed as an example of type-II
Weyl semimetals. Monolayer WTe, shows anisotropic atomic figuration and basic features, which makes
it distinguishable from the semblable monolayer crystals of TMDCs, such as MoTey, MoSe;, WSy, WSes,
and MoS,. The previous DFT calculations show that WTe, has T, and H phase (see Figure 10 (a) and
(b)).[95] Herein, H-WTe, (4.54 ¢V /atom) has lower cohesive energy than T;-WTe, (4.57 eV /atom) and the
unit energy of Ty-WTe, is about 0.075 eV lower than H-WTey. Therefore, the monolayer T;-WTe, shows
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Figure 10: a,b) H phase (a) and T4 phase structure of monolayer WTe,. ¢) Electronic bandstructure of monolayer T;-WTes.
d) The energy difference between CBM and VBM of T4-WTey under strain. e,f) Strain-dependent imaginary part of the
dielectric function of monolayer T4-WTey when strain is along (e) and perpendicular (f) to W-W dimers.[®®! Copyright 2016,
ATP Publishing LLC. g,h) Anomalous photoresponse of a WTey nanoflake under laser irradiation. (g) 3.8 pm, Vg4, = 0.1 V.
(h) 10.6 pm with V4, = £ 0.1 V. i) WTes photoresponses to 3.8 um laser under different power. j) Photocurrent values and
photoresponsivity from (i).[43] Copyright 2018, WILEY-VCH. k) Time-resolved photoresponse of pure graphene device and
graphene/WTey heterostructure device. 1;m) Responsivity and EQE of the graphene/WTes-based transistor as function of
the incident light power.[%! Copyright 2018, Liu et al.

greater stability. Moreover, anisotropy in both Poisson’s ratio () and in-plane stiffness along z (parallel
to dimer) and y (perpendicular to dimer) directions of the T;-WTe, monolayer has also been revealed.
The in-plane stiffnesses as calculated for the dimer along the z and y directions is 4.45 eV/A? and 6.56
eV /A? respectively. They are both much lower than those for graphene (21.42 ¢V/A? ) and functionalised
graphene-like materials, suggesting that WTe, has better flexibility than these materials. Hence, the better
flexibility will make T;-WTe, extensively applicable in wearable devices.

The energy bandstructure of the monolayer T ;-WTes is presented in Figure 10c. Tg;WTes shows a
semimetallic ground state when it is not strained, and the CBM is 6.7 meV lower than the VBM.[95] The
conduction band traverses the Fermi energy level along the I'-X direction, i.e., the W-W dimer direction,
which also implies that the occurrence of dimerization makes some contributions to the metallic ground
state of the T4-WTes monolayer. Also, the strains in different directions affect the energy band structure
of Ty-WTe, to different degrees (see Figure 10d). As the tensile strain is employed parallel to the W-
W direction, the CBM surges and the VBM drops. Finally, the WTe; undergoes the transition from
semimetal to semiconductor when the 1% strain is applied to it. When the strain along y direction is
used, the compound always maintains the semimetallic state. Moreover, the dielectric function of Tgy-
WTe, changes differently when external strain is applied to it in different directions. As shown in Figure
10e,f, in the absence of strain, the location of B-peak is slightly different along different various directions.
While a tensile strain is used along the dimer, the B-peak shifts towards the higher energy. Besides, the
peak dielectric function along the dimer-parallel direction occupies the same position in the perpendicular
direction. In contrast, when the strain is applied perpendicular to the dimer direction, the B-peak shifts
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to lower energy. Besides, when the strain rises to 0.010, the peaks of the dielectric function along and
perpendicular to the dimer direction are split. Meanwhile, the dielectric function along y direction is
irrelevant to the adopted strain and its peak is not converted as the external strain changes.

As a type-II Weyl semimetal, to a certain extent, the 2D crystal and electron anisotropy properties of
T4-WTe, facilitate the subtle detection of long-wavelength polarized light. It has been demonstrated that
T4-WTes has a significantly anomalous photoresponse in the visible to the far-infrared band, as shown in
Figure 10g,h.[43] Meanwhile, its responsiveness is enhanced with the decreases in temperature, and the
photocurrent and responsivity of WTey can be further increased to 40 pA and 250 A/W at the liquid
nitrogen temperature, with the signal-to-noise ratio reaching up to 500. This can be attributable to some
extent to the PTE effect. In addition, the photocurrent of WTes is polarization sensitive, with the maximum
laser polarization parallel to the zigzag direction and the minimum laser polarization along the armchair
direction with a ratio up to 4.9. It indicates that the anisotropic tunability possessed by the electronic
structure of WTey under polarized light, which matches its crystal structure. It is also suggested that the
irradiation with a linear polarization light is an efficient solution to adjusting the electronic structure of the
WTe, surface. Large anomalous anisotropic photocurrents can be induced, demonstrating the advantage
of WTe, in the design of infrared photodetectors at room temperature.

For WTe,, each chiral Weyl node can have an impact on the motion of electrons directly and shows a
unique topological enhancement effect in the aspect of photoresponse. In addition, it was demonstrated
through experimentation that the WTe, films with hyperbolic plasma surfaces have a strong capability
of visible and far-infrared (16-23 pm) absorption capabilities. Nevertheless, pure WTey possesses high
conductivity carrier density (10* cm—3) and carrier mobility (~1000 cm?V~!s71), which implies that large
dark current and high power expense are adverse to widespread manufacture and further development for
this kind of photodetector. Therefore, to design 2D heterojunctions is a way to reduce the total power
consumption by semimetals in the dark. As one of the typical examples, the WTe;/MoS, van der Waals
heterojunction is examined to verify its optical properties for future use in the field of photodetection.[97]
The dark current in it is always less than 1 nA at 1 V, which can help reduce power consumption by
the semimetallic detector. The photoresponse characteristics of this heterojunction are dependent on the
wavelength of the light. The optical responsivity R, EQE, and the photodetection rate D* can reach up to
31.1 A/W, 9640% and 4.36x 10" Jones at 400 nm, respectively (while 0.18 A/W, 21%, and 2.5x10® at 1050
nm). It is thus clear that the device shows secondary and stable photoresponsiveness and exhibits a slow
response when the wavelength of light ranges between 400 and 500 nm, while the photoresponse is smaller
and swifter as the wavelength of radiation exceeds 700 nm. In addition, the 2D heterojunction shows a
tunable photoresponse closely related to the thickness of WTes, and the positive anomalous photoresponse
is closely associated with the thickness of WTe,. The threshold thickness ranges between 10.7-27.8 nm.
When the thickness of WTe, decreases to 6.8 nm, an anomalous optical response occurs. Therefore, it
can be concluded that the 2D Schottky junctions based on WTey/MoS, shorten a lot of dark currents
and extra noise, which not only makes power consumption low in detecting infrared light but also helps
achieve high sensitivity to low illumination.[97] The great potential of topological half-metal van der Waals
heterojunction photodetectors such as WTey was demonstrated.

Finally, the study of the all-semimetal 2D heterostructure also plays an irreplaceable role in guiding the
development of photodetector. The detector based on the WTe, /graphene heterostructure is representative
of these devices.[96] As shown in Figure 10k, the WTe,/graphene device maintains a long-period stable
current after experiencing the periodic current excitation. Also, the device produces a better performance
than the pure graphene device since it exhibits a stronger current. As is shown in Figure 101, R and EQE
are both non-linear and rise up as the illumination power diminishes. It can be seen that the maximum of
R is ~8.7 A/W, which is based on the radiation of low incident energy of 2 ym with the V4= 0.5 V. In the
same situation, the corresponding EQE is calculated to be 165%, which far exceeds a lot than that of the
monolayer graphene detector. The main reason for the enhancement of the current is that the interfacial
effect can easily separate the electron-hole pairs owing to the photothermoelectric and photovoltaic effects.
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Figure 11: a,b) The rhombohedral (a) and cubic (b) structure of GeTe. 1% Copyright 2018, American Chemical Society. c)
Resistivity of GeTe film as a function of temperature.['%! Copyright 2017, Mantovan et al. d) The structure of p-GeTe/n-Si
heterojunction photodetector. e,f) Temporal photoresponse of the device. g-i) The log(J) —V, R —V, and D* — V curves
of the GeTe/Si heterojunction photodetector, respectively.['92 Copyright 2020, Zhao et al.

3.6 GeTe photodetector

As a group-IV semiconductor material with a narrow bandgap, germanium telluride (GeTe) is a phase-
changing material (PCM) that exhibits a reversible transition between crystalline (SET) and amorphous
(RESET) with the assistance of electrical/optical pulse. It has been commonly applied in the settings
of thermoelectricity, phase change storage and switch.[98, 99] At the same time, due to its excellent
photoelectric properties, it also has a relatively broad space of development in the field of photoelectric
detection. Figure 1la,b shows the two structures of the GeTe crystal, namely rhombohedral structure,
and cubic structure.[100] The difference is that in the cubic structure, the germanium atom is located in
the center of the octahedron as formed by the Te atom. In the rhombohedral structure, the germanium
atom deviates from the center of the octahedron. In terms of symmetry, the rhombohedral structure is an
asymmetric octahedron, consisting of three longer bonds (green dashed line) and three shorter bonds (red
line). In contrast, the cubic structure shows symmetry and all Ge-Te bond lengths are equal.

As a narrow bandgap semiconductor, GeTe possesses excellent electrical properties. The resistivity of
PCM plays a vital role in the efficiency and stability of the material. From Figure 11c, it can be found
out that as the temperature increases, the resistivity declines in the liquid condition but rises in the solid
condition, indicating that GeTe has the characteristics of liquid semiconductor.[101] At the same time, a
significant change in resistivity can be observed at around 180°, which is obvious, and this is a transition
from the amorphous phase to the crystalline phase. It can be seen that the resistivity of the crystalline
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phase of GeTe is relatively low, while that of the amorphous phase is relatively high. Besides, the bandgap
energy (E,) can also be significantly affected by the phase change. The E; of GeTe film before and after
annealing correspond to 0.85 eV and 0.77 eV, respectively.[103] Hence, the crystalline state has a lower
bandgap energy E, than the amorphous state which can be attributed to the long-range order of the
crystalline GeTe lattice.

The optical properties shown by different phases of GeTe are also different. Recently, Zhao et al. con-
ducted experiments to analyze the ultraviolet-visible-near-infrared (UV-Vis-NIR) absorption spectroscopy
of the GeTe film during a study on the properties of the GeTe film before annealing (amorphous state) and
after annealing (crystalline state).[103] There is an absorption peak at 610 nm after annealing, indicating
that the absorption coefficient of the annealed GeTe film is much higher than that of the unannealed GeTe
film. That is to say, the absorption coefficient of crystalline GeTe is far higher than that of amorphous.
Additionally, in the range of infrared light, the absorption coefficient will decrease as the wavelength in-
creases. In addition, the refractive index of the amorphous GeTe state is lower because it is formed by
covalent bonds, while the refractive index of the crystalline state is higher due to the higher polarizability
of the p-orbital resonance bond.

A photodetector comprised of crystalline GeTe and Al has also been proposed to conduct a specific
study on the optical properties of GeTe. The log(J)-V characteristics of the device under darkness or
irradiation show that the current density increases significantly when there is light, and the ratio of
photocurrent to dark current is very high, evidencing the excellent photoresponse characteristics. In
addition, responsivity (R) and detectivity (D*) are two non-negligible values for the characteristics of light
response characteristics. As the bias voltage exceeds 0.5 V, the value of R ranges between 88 and 650
A/W, while the value of D* ranges between 2 x 10" and 6 x 10" Jones (1 Jones = 1 cm Hz'/2 W~1).
Moreover, in the infrared band, both R and EQE have higher levels and decline as the wavelength increases.
In contrast, owing to the amorphous characteristics of the unannealed GeTe film, the unannealed device
shows no photoresponse. Thereupon, the crystalline GeTe has a great potential of development in respect
of infrared detection.

Apart from that, but GeTe has also been better applied in the manufacture of heterojunction photode-
tectors. The GeTe/Si heterojunction photodetector has a relatively stable response current while the rise
time (tgr = 136ms) and fall time (tp = 132ms) are almost symmetrical (see Figure 11f). In order to better
understand the light response characteristics of this GeTe/Si-based detector, the log(J) —V, R — V, and
D* — V curves were placed in Figure 11g,h,i, respectively. The voltage corresponding to the minimum
values of the photocurrent and dark current density are different by 0.1 V. Also, the R and D* are 6—
15 A/W and 1-8x 10! Jones, repectively. In general, the GeTe/Si heterojunction shows relatively good
photoelectric response characteristics at room temperature, which may result from the narrower direct
bandgap and higher absorption coefficient of crystalline GeTe.

3.7 SnTe photodetector

Topological crystal insulators (TCIs) have been considered as suitable for use in ultra-broadband photode-
tectors in the UV to THz range due to their gapless surface states and narrow bandgaps of bulk. However,
the low response of photodetectors based on TCIs has restricted their further applications. However, the
related photodetector of Sn'Te, which is also a variety of TCL material, exhibits high responsiveness and
ultra-wide spectral response. Meanwhile, the heterostructured photodetectors of SnTe and BiySes or Si
are capable of self-driven operation and exhibit a broad-spectrum high-frequency response to near-infrared
light.[104]

As revealed by first-principles calculations, the bulk SnTe retains a similar strain-dependent bandstruc-
ture to that of tellurene materials.[44] Figure 12e shows the changes in bandstructure with the strain, as
well as the contribution made by the s and p orbitals of Te to the corresponding electronic states (indi-
cated by the size of dots). As the strain increases, the bandgap starts to decrease and then increases again.
When the strain exceeds 3%, the energy band inversion disappears, i.e., the Te-p orbitals shift from the
conduction band edge to the valence band edge. In contrast, the strain-induced change in energy band
for SnTe nanofilms exhibits a distinct even-odd oscillation owing to its two-fold screw rotation along the
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Figure 12: a) Brillouin zones for bulk (the black and purple are for two/four atoms per unit, i.e. b),c) respectively) and
SnTe membrane (the blue one) in different unit cells. Te: yellow atoms; Sn: gray atoms. e) Strain-dependent electronic
bandstructure of SnTe.[**] Copyright 2014, Tsinghua University Press and Springer-Verlag Berlin Heidelberg. f) Relative
balance (Vinaz — Vinin)/Vimaz X 100% vs frequency of pulsed light plot. g) Instantaneous open-circuit voltage (V) response
of the photodetector (with pulsed frequency of 80 kHz and 980 nm light irradiation). h,i) Characteristic response times of
the photodetector at rising (h) and falling (i) edge.['°®! Copyright 2017, American Chemical Society. j) Photocurrent and
dark current are evaluated for SnTe photodetectors under 1550 nm illumination at various bending radii (from 0 to 180 °).
k) Time-dependent photocurrent for different bending radii. 1,m) Under 635 nm (1) and 1550 nm (m) laser illumination,
the photocurrent is a source-drain bias function with different bending cycles varying from 0°to 90°.1'%6] Copyright 2018,
WILEY-VCH.

[010] and [110] directions. Besides, it is only retained in the even-layered symmetrical SnTe nanofilms.
Nevertheless, the energy band of the 2D Sn'Te material is always maintained at 0-0.15 eV, and such a low
bandgap allows it to respond well to NIR spectroscopy. The high-quality SnTe nanosheet photodetectors
grown directly on the Si surface through physical vapor deposition (PVD) showed excellent photoresponse
and periodic photocurrent similarity for a broad spectrum from 254 nm to 4650 nm in the experiments.
Under the laser irradiation of 635 nm and 1550 nm, the photocurrent shows an excellent linear increase
with the rise in optical power until the optical power saturates the photocurrent. Notably, SnTe is also
capable of forming flexible photodetectors on PET substrates. Under the light irradiation of 635 nm and
1550 nm, the photocurrent and dark current of the flexible photodetectors remain basically despite the
bending from 0 to 180 degrees, while the photocurrent curves of the devices under bending are essentially
unchanged, with a good linearity shown under light irradiation at both wavelengths.

Heterojunction detectors are extensively used in the field of optoelectronics. As mentioned earlier, the
materials with common properties on their own combined together are likely to have good optoelectronic
properties, for which they can be used to fabricate 2D material photodetectors with an excellent perfor-
mance in detection. Among the SnTe heterojunction photodetectors, the SnTe/Si vertical heterojunction
detector is an outstanding one.[105] Unlike the Si-based detector, SnTe/Si heterojunction photodetectors
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use the different positions of the electrodes to allow SnTe/Si to form p-n junctions. In the experiment, the
laser irradiation of 1064 nm, 1310 nm and 1550 nm was employed respectively, with all exhibiting tens of
cycles within the highly-similar photocurrent profiles as well as the photocurrent magnitudes as modulated
by optical power. In the further experiments with high frequency light irradiation, the performance of the
device in high photocurrent response was fully demonstrated, the results of which showed that the SnTe/Si
heterojunction detector was able to respond to high-frequency light signals with the frequencies up to 10°
Hz and an intrinsic response bandwidth of 10* Hz, which is attributed to the helical nature of the SnTe
films surface state that suppressed electron backscattering and achieved excellent transmission with high
carrier mobility.

Further studies have shown that the photoresponse exhibits long-term stability and repeatability under
the light irradiation with a 80 kHz frequency, while the time taken for photocurrent to rise and fall reaches
2.2 ps and 3.8 us, respectively, both of which are much faster than those of SnTe photodetectors (0.21 s and
0.73 5).[105] Similar to the aforementioned SnTe photodetectors, SnTe/BiySe; heterojunction photodetec-
tors as fabricated by PVD also possess the capability of self-powered operation and can achieve excellent
photoresponse performance and high response speed under the context of self-powered operation.[104] The
device shows a continuous increase in photocurrent with light intensity throughout the voltage region in
the presence of reverse bias voltage, with good linearity and higher sensitivity to IR light can be observed.
In addition, the 1550 nm pulsed light irradiation data suggested that the devices exhibited similar pho-
toresponse images over several cycles at both reverse bias voltage of 3 V and zero bias voltage, which
demonstrates that the SnTe/BiySes heterojunction photodetector is able to operate consistently whether
under zero or reverse bias. Also, the modulation amplitude of the reversible photocurrent turn-on light in-
tensity became more significant with reverse bias voltage. The repetitive response curve to high frequency
light further highlights the excellent performance of the device. In the experiments, the signal pulses were
measured at the optical frequencies of 100 Hz, 1 kHz, and 20 kHz, respectively. Moreover, SnTe/BisSes
showed ultra-high response properties, with the optical response pulses rising and falling at 6.9 and 19.2
s, which indicates its excellent performance in photodetection.

3.8 GaTe photodetector

As a highly stable tellurium metal in a dry environment at room temperature, GaTe is extensively used
in the optoelectronic and semiconductor industries and so on.[107, 108, 109, 110, 111, 112] The structure
of GaTe is diverse, with the material appearing as a monoclinic phase in the bulk state, and it has a
hexagonal phase when the layers are reduced to a few or even only one. The monoclinic phase of GaTe
appears as a semiconductor with a direct bandgap of 1.7 eV, while the hexagonal phase of GaTe appears as
an indirect bandgap, with the VBM shifting towards the I" point as the number of layers rises and rapidly
approaching the energy bandstructure of bulk GaTe.[113] However, the special position of the VBM may
provide an opportunity for optical charge to jump at the local CBM, thus making the hexagonal phase
GaTe a promising application in photodetection. Unfortunately, we have not found any photodetector
applications in photodetector for hexagonal phase GaTe. Most of the existing photodetectors made out of
GaTe are based on GaTe heterojunctions. The advantages of them can be summarised as follows. Firstly,
GaTe-based flexible detectors demonstrate high bending durability and high stability, which opens up
many scenarios of applications for wearable photodetectors. Secondly, some heterojunction photodetectors
have a high sensing current switching ratio, which makes it advantageous over many other 2D material
photodetectors. Lastly, some of the heterojunction photodetectors can operate at the unbiased voltage
and perform better in zero-bias operation than most zero-bias photodetectors.

In recent years, GaTe nanowires-based photodetectors have also attracted some attention. Both the
GaTe nanowire and nanosheet can be grafted onto polyethylene terephthalate (PET) substrate to generate
flexible photodetectors.[116, 114] However, whether it is surface charge activity or sensing response area,
1D GaTe nanowires are inferior to 2D GaTe nanosheets. GaTe nanosheet photodetectors show significant
photoresponsive properties for all wavelengths from ultraviolet (UV) to visible, but it can also be found
out that GaTe nanosheet detectors are susceptible to environmental and surface adsorption effects. It
can be seen from the Figure 13b that the dark and photocurrents shift to higher current levels during
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Figure 13: a) I-V curves of GaTe devices measured by the two-terminal method under vacuum (7x10~° Torr) and ambient
conditions. b,d) With 375 nm (power intensities of 163.9 mW cm~?2) and 473 nm (power intensities of 80.5 mW cm~?)
laser illumination, I-V curve for the same device under ambient (b) and vacuum (d) conditions in the dark. c,e) Time-
resolved photoresponse of the GaTe device recorded by alternately turning the laser on and off in (c) ambient and (e)
vacuum conditions. f) The functional relationship between light intensity and photocurrent with illumination of 473 and 375
nm lasers. The bias for ¢, e, and fis 5 V.['"4 Copyright 2015, American Chemical Society. g) Transfer characteristics of
GaTe-MoS; transistors (measured with Vg5 = 15 V, V3, = —30-30 V). H) output characteristics of GaTe-MoS, transistors
(measured with V4o = 0-5 V Vg = —20-20 V). i) Self-driven photoswitch behavior of GaTe-MoS, photodetector (Vgs = 0

V).[HE’] Copyright 2016, American Chemical Society.
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prolonged irradiation, which may be caused by the laser heating effect on the processes of adsorption and
desorption for surface gas molecules. On the other hand, the slow Os-doped GaTe process of the 375
nm laser resulted in the 375 nm laser exhibiting slower photoresponse kinetics. Meanwhile, the electrical
contact was improved for the 375 nm laser, while it was not the case for the 473 nm laser. As shown in
Figures 13d and e, the performance of the device in vacuum is better than it in the ambient environment.
The vacuum-treated device shows good response linearity and synchronous photocurrent switching speed
for both types of light. The PET-based flexible detector was bent several hundred times under vacuum,
but it still shows a good photocurrent profile and photocurrent switching speed, which indicates the high
stability of the device.

For GaTe heterojunction photodetectors, GaTe-InSe,[117] GaTe/Sn:CdS,[118] and GaTe-MoS,[115] are
commonly used. A large number of experiments have been conducted to observe the transfer curves of GaTe
2D nanosheets in those devices with the characteristics of p-type semiconductor,[117, 118, 115] and there
is no exception in GaTe-InSe heterojunctions are no exception.[117] The I45-Vgs curves of GaTe-InSe p-n
junctions show a full photoresponse and photovoltaic effect for illumination intensities (P,,;) from 0.16 mW
cm~ 2 to 6.35 mW cm™2 in the 405 nm laser irradiation experiments. Moreover, the short-circuit current
(Lsc) is linearly correlated with P, showing an excellent photoresponse performance. More importantly,
the GaTe-InSe heterojunction is capable of the self-powered photoresponse. Additionally, the increase of
light-generated carriers results in the fact that I, increases with P,,. The corresponding EQE of 4.3%
for zero bias voltage operation exceeds that of many other photodetectors. In terms of photoresponse,
GaTe-InSe achieves an impressive photoresponse time of about 20 s, which is a good performance among
existing photodetectors.

Unlike GaTe-InSe, GaTe/Sn:CdS is the rare coupling of nanosheet and nanowire materials,[118] but such
coupling does not affect how the device performs. Instead, GaTe/Sn:CdS shows an excellent response to
white light. Consistent with what was mentioned previously, the GaTe and Sn:CdS exhibit the features of
p-type and n-type transmission properties, respectively. The GaTe/Sn:CdS hybrid heterostructure shows
a sharp increase in both forward and reverses photocurrents under white light irradiation at 1 W power.
Moreover, the sum of the photocurrent enhancement of GaTe and Sn:CdS is smaller compared to the pho-
tocurrent enhancement in GaTe/Sn:CdS. In addition, the photocurrent level remains almost unchanged in
dozens of cycles, and it shows better reversibility and stability than separate GaTe or Sn:CdS materials.
The rise and reset times are no more than 260 ms and 267 ms, respectively. Moreover, both the forward-
biased and reverse-biased on-off ratios (100 and 3000) are tens or hundreds of times higher than GaTe or
Sn:CdS alone (about 5), thus reflecting the exceptional heterojunction photodetector performance. The
peculiar properties of GaTe/Sn:CdS heterojunction materials result from the adsorption/desorption mech-
anisms of surface molecular oxygen on the electrical transport behavior of GaTe/Sn:CdS heterojunctions
and the effects of light modulation under forward and reverse bias.

The last heterostructures to be presented, GaTe-MoS,,[115] differs from the previous heterostructures
as GaTe-MoS, is coupled with high quality through vdW interactions, which eliminates the difficulty in
material selection due to lattice matching. A non-monotonic p-n bipolar transport is observed on GaTe-
MoS, by applying a positive Vg3 = 15 V gate voltage at room temperature. In the transfer curves (Figure
13g), the gate-induced holes are dominant in GaTe when V,, < —10 V and make contributions to the
p-type conductivity of the heterostructure. In contrast, the electrons in MoSs induce n-type behavior at
Vi > —10 V. The output characteristics at varying V,, demonstrate that the output current and Vg
are positively correlated (see Figure 13h). The source-drain current (I4s) images for different source-drain
bias voltages Vs under light illumination can be observed under the laser illumination of 633 nm. It can
be found out that the photocurrent switching ratio under reverse bias is larger than that under forward
bias, and it is apparent that the GaTe-MoS, heterostructure has high stability and reproducibility for
the photoresponse. Notably, the GaTe-MoS, photodetector is also capable of sub-driven photoresponse
capability. The light produces a large number of electron-hole pairs at zero-bias voltage, which can be
effectively separated by the inbuilt potential in the p-n heterojunction. Electrons and holes accumulate
in MoS,; and GaTe, respectively, thus generating an open-circuit voltage. When the heterojunction is
in operation under short-circuit conditions, the inbuilt potential drives the photogenerated electrons and



holes, which not only generates a short-circuit current but also leads to the occurrence of efficient electron-
hole separation and self-driven optical switching. When Vg is set to 0 V, the photocurrent on-off ratio
reaches a level that is ~340 (see Figure 13i) greater than individual GaTe (~10) and MoS, (~85). At
the same time, the EQE at this point can even reach 266%.[117] Hence, this GaTe-MoS, heterostructure
has a massive potential of applications in some photovoltaic devices, sensitive photoswitches, and highly
efficient self-driven photodetectors.

4 Summmary and outlook

Since the structure of tellurene was successfully predicted by the first principles in 2017,[31] there have
been more and more researchers paying attention to the superiority of tellurene and tellurides, such as
piezoelectricity,[28] high carrier mobility,[43, 44, 45] tunable narrow bandgap,[34] and high signal-to-noise
ratios,[82] etc. Herein, we have reviewed the researches on the electronic and optical properties of tellurene,
as well as the applications in photodetectors based on tellurene/tellurides (MoTey, PdTey, PtTey, WTe,,
GeTe, SnTe, GaTe) in recent years. Compared with other 2D material-based photodetectors, Te-based
photodetectors have better signal-to-noise ratio,[82] faster time response or higher frequency response,[31]
better flexibility,[46] and so on. These excellent properties have necessitated the applications of Te-based
broadband photodetectors in a wide range.
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Te has a thickness-dependent bandgap ranging from 1.17 ¢V (bilayer Te) to 0.31 eV (bulk Te). The
diversity of Te leads to the multivalent properties of Te atoms with different layers. The center layer Te
behaves like a metal while the outer-layer Te behaves like a semiconductor, which may be attributed to the
different coordination numbers of different Te atoms. The high carrier mobility of tellurene ranges from
0.05-2.09x10% ecm?V~!s7! (for electron) and 0.45-1.98x10% cm?V~1s~! (for hole), while 8-Te has a zigzag
direction anisotropy of electron and hole mobility. The spin-orbit coupling of Te induces the transition
from the indirect to the direct bandgap, which significantly improves its light adsorption performance and
expands its application in the field of optoelectronics.[31] In addition, Zhu et al. found out that the band
structure of Te and the effective mass of electrons will change significantly under a compressive strain of
-2%—10%.[64] The direct bandgap will be transformed into an indirect bandgap and the effective mass of
electrons is also significantly greater compared to the unstrained case.
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In terms of optics, the tellurene exhibits a response that matches its electrical properties. First of
all, the energy band that changes with the decrease of layers and the occurrence of phase change makes
the Raman peak of the tellurene appear to be significantly shifted significantly in fewer layers. It also
makes tellurene materials with different layers and different phases show different degrees of absorption for
the different wavelengths of light, which provides more possibilities and a wider scope pof applications in
tellurene-based photodetectors. At the same time, the tellurene energy band will also be affected by strain,
which enables the relevant detection devices to achieve interesting light response performance. Moreover,
the narrow bandgap of tellurene determines its richness in terms of photoresponse, including photovoltaic
effect and photoelectric effect, etc.

The emerging studies on Te in the last few years have provided new ideas for manufacturing Te-
based photodetectors. The advantages of 2D Te, for example, large-scale preparation,[32] environmental
stability,[27, 31, 33] and tunable bandgap,[34] improve the performance of Te-based photodetectors and
expand their scope of applications significantly. Many researchers have found out that tellurene/tellurides
(such as MoTey, PdTey, PtTey, WTey, GeTe, SnTe, GaTe, etc.) can be stacked with other 2D materials to
form heterostructures.[72, 73, 115, 96] They can help reduce the barrier to application for Te and improve
the detection performance to some extent. For example, the WSey/MoTe, heterojunction photodetector
itself eliminates need for lattice matching through van der Waals force coupling and ensures the ultra-
high sensitive detection of infrared wavelengths.[129, 130] In addition, such PTE photodetectors as SnTe
rely on gapless surface states and narrow bulk bandgap to enable the built-in electric field derived from
the photothermal temperature gradient, thus spontaneously driving the device to work. This kind of
photodectors can respond to an ultra-wide spectrum from 404 nm to 10.6 pm while maintaining a low
dark current and a high current switching ratio of 10°.[74]

There remain some drawbacks in respect of improvement to the development of 2D Te photodetectors.
For instance, the large-area preparation of simple substance Te is a challenge to address in the future and
weak light absorption is one of the major constraints on the photoresponsivity of monolayer Te detec-
tors. Likewise, the direct bandgap property makes light absorption efficiency appears only in monolayer
structures for Te devices. Additionally, the electrical and optoelectronic properties of atomically thin 2D
layered materials are easily affected by environmental conditions. Some 2D materials, especially the nar-
row bandgap materials such as b-P and b-AsP, are unstable in ambient air. Furthermore, the large dark
current which would cause the low signal-to-noise ratio for the photoconductive 2D photodetectors could
be induced, thus resulting in low specific detectivity. Meanwhile, the large scale material deposition of
high quality tellurene/tellurides films with high reliability and low variability is of great significance. For
these problems, some solutions are suggested as following:

1. To enhance the outcome of infrared light absorption, the 2D materials with multiple layers instead of
a single layer could be selected.

2. To reduce the impact of dark current, the 2D materials with superior tunability performance can be
selected to ensure their thickness is neither too thick nor too thin, so that the dark current can be
suppressed by applying gate voltage. In addition to the tuning of electric field, such hybrid structures
as lateral p-n junction are also preferred.

3. To form heterojunctions by combining tellurides with other 2D materials or bulk materials can be a
promising method (As illustrated in Table2). The heterojunction not only addresses the defects of the
material itself in the light detection range, but also enables the large-scale preparation of compound
materials, which also provides a guidance strategy for the application of 2D materials in the future.

4. Tt is also worth noting that only two of the three phases of Te have been widely studied, while y-Te
has drawn little attention because of its metastability. In fact, however, although many materials
require extreme working environment, they may lead to unexpected physical properties and play a
role in new fields.

Especially for 2D tellurene/tellurides and their heterostructures-based broadband photodetectors, many
studies are focused on visible to mid-IR broadband compared with ultraviolet to mid-IR ultra-broadband
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that is preferred in devices and need more explorations. Additionally, the mechanism of the transport and
carrier dynamics are still not explored clearly enough for such photodetectors compared with those based
on BP and TMDCs, thus calling for more investigations. Moreover, to further enhance the properties
of such photodetectors, it is of significance to improve the materials fabrication procedure, ultra-thin 2D
tellurene/tellurides can be produced by PVD strategy. Nevertheless, the demands of a high-purity atomic
source and high vacuum environment constrain the possibility of amplification to restrict the potential
for upscaling. LPE technology is an effective means to fabricate layered 2D Te nanostructures, yet the
inefficient control of derived materials thickness and the small scale limit further steps. In addition, in-situ
CVD has been applied to many other 2D materials, but there are fewer reports on the preparation of ultra-
thin 2D tellurene/tellurides. Hence, the development of CVD technology to grow atomic thin Te materials
is necessary. Particularly, the precisely controllable preparation for doping and Te-based heterojunctions
should be highly sought after.

Actually, the applications of the 2D Te-based photodetectors are relatively rough at present, and does
not give full play to the full potential strength of such materials. It has to be said that in recent years, the
theoretical researches on the properties of tellurene and tellurides have greatly promoted its development
in applications. It is worth mentioning that although the publications on tellurene and tellurides have
soared in recent years, there is still a lack of in-depth theoretical researches on various properties of
tellurides. In the future, it can be expected to see more theoretical works on tellurides, and the application
of modulation methods may bring unprecedented results to the properties of tellurides, such as doping,
strain, stacking, and heterostructure, etc. These approaches may trigger experimental attempts to develop
performance-enhanced photodetectors. Most significantly, corresponding detectors should develop towards
heterojunction and large-area array in order to be better commercialized and industrialized. Although we
have gained a certain understanding of Te-based materials, this is still a very open and promising field. It
is certain that the collision between theoretical and experimental efforts will lead to the development of
more advanced Te-based photodectors with a better performance and a wider scope of applications in the
future.
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