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preparation, optoelectronic properties and applications of TMD, these works are reviewed.

Due to their atomic-level thickness and unique optoelectronic properties,
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the transition metal
dichalcogenides (TMDs) have been received widespread attention and research. The controllable preparation, novel
and energy valley electronics of TMD, have been reported widely.
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Fig. 1 Preparation methods and characterizations of TMD materials. (a) OM image (left) and AFM image (right) of MoS,

nanosheets obtained by mechanical exfoliation, 1L means single layer™ ; (b) MoS, and WS, nanosheets dispersed solution
obtained by liquid exfoliation™ ; (¢) schematic illustration of (NH, ), MoS, thermolysis process for preparation of MoS, thin

films™™ ; (d) schematic illustration of Mo film sulfurization for MoS, films preparation (left), OM image of MoS, film on

SiO, substrate (middle) and surface scanning map of MoS, Ei, Raman peak intensity (right), L means layer™ ; (e)
schematic illustration of PVD method™” ; (f) CVD setup for MoS, growth by using MoO; and S as precursors (top left),
typical AFM image (right) and height profile along the white line in AFM image (bottom left)"*; (g) schematic
illustration of MOCVD method (left) and false-colour DF-TEM image of as-grown MoS, films (right)®™ | scale bar is 1 pm
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Fig. 2 (a) Mechanism illustration of MoS, growth with CVD method by using MoO; and S as precursors!® ; (b) evolution

[15]

of grain shape of MoS; versus heating temperature of MoO; "' ; (c¢) grain shape and size evolutions of MoS; grain

versus distance between substrate and precursors!'™ ; (d) schematic view (left) of surface reaction during epitaxial

growth of MoS,, and SEM image of MoS, during epitaxial growth on mica substrate (right)m] ; (e) growth of WS,

[21] .,

on sapphire substrate and effect of H, on shape of WS, grains (f) schematic illustration of MoS, growth on

SrTiO; substrate and SEM images of dendritic grains with different coverage rates™*
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Fig. 3 (a) Growth of large-size MoS, grain assisted by oxygen (left, insert is AFM image of monolayer), and grain size

versus growth duration (right)®*; (b) schematic illustration of “two-step” setup for growth of large-size MoS,

single crystals by CVD (top), and high-magnification STEM ADF images of MoS, crystals and corresponding atomic

[26]

models (bottom)®?; (c¢) growth of millimeter scale MoSe, single crystals (d) schematic illustration of

promotion effect of aromatic molecule on MoS, nucleation and size distribution of MoS, grains®”
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Fig. 4 (a) Band structures of bulk, monolayer and bilayer of MoS, and WS, calculated with DFT/PBE method”" ; (b) top
valence band (blue) and bottom conduction band (pink), and Brillouin zone colour-coded by circular polarization
degree of MoS,"" ; (c¢) PL spectra under same (blue) and opposite (red) circularly polarized states for WSe,
monolayer at 15 K, top figure is for low exciton density with CW excitation at photon energy of 1.92 eV, bottom

figure is for high exciton density with fs pulses excitation at photon energy of 1.82 eV, emission energies for neutral

(X), [69]

negatively charged (X ) excitons and biexciton (XX) are indicated by dashed lines

0703001-7



H = # ot

IR G W e A 2 o R R 1 2 T B2 Ak 1 )22 5 22 22 1) %) R 5 0 350 ) 422 BB Y A 1 R 5 22 LT 1 0 1 B B2 g
O R MoS, LR I3, PL OGS i B B R Y A SR W LT RS FLIGE R UL SR R S5 , 418
FERE R (45+7) meV/ Y% CRERM 1Y RLN J) 7= A (L0 B 1) 5 W 2 MoS, #£532 B i 1 J5 , o A W i [a] 42224
B X I ) T WL [R) R & AR 208, 2T RS AR E 23 ) R (53 410D meV/ % A1 (129420) meV/ % o {H & 38 BF FEA R 45
AAE, it GW,-BSE 1R 2] 1 45 Rt 5 S0 80 B LA AE A UL B R N ) 5 BRAR A5 L i BR T PL i
BMERE . X FH)ZE MoS, , fEl I i g 09 5 B2 b, I8 4 2l T RE 2 08/ 15 [ K SR P, B Mo,
FR) D' 27 B (2 Bty Bk 25 08 AR G Rl 720 47 48 B ) 25 B, 5 350 PL SR DRSS . W AE I )2 MoS, . hi i )
SRR BRARZEMEAE K S D S R4 R 7R, )2 TMD Mok 1R & 1 3% T 25
BHELTE 0.5~1 eV i FIN 03X — s gl OBOE 3% 3 B GE B 30ER (STMVD 48 5250 F BE 5. Y3 T
A A R 5T 24 B 1 9 20 DA RORH ST L 4800 1 =2 ) P AR R T R 1) e vl B A T A sl 55 . BRIt =2 oh s
B 1) — B R AL =T BT #RRE AE Ik v O A SR R RO B, A 4 Co) TR , T L BRLZE TMD
RN AR AR B TR 19 25 5 B LU AR 8 0 HE 4k R N 0 — B A A DRI A RN A e W
DOm0 S e e B 5 S B R TR 2 AR R O A AR L PR 2 TMD 2R B R A 0 2 U R H
i o7 L K AR 8 B % 5 A5 A (10~ 100 ps) o [Al B, BEAE 134 I 52 38 #RUE 52 T 80 )2 TMD #1 kg 5z s i 4k, B
A B 4 e A R An i 4k Fr R0 DA R IR O A DG AR I L AR )2 TMD MORHE G T
S REA FL T AR DL R B I A A U A A N

3.2 BEEEHH

552 G S M 00 A SRR TN 4 2L Y N 7 BRI (h-BND R [F] A4 02 . TMD AERHIA 1~2 eV I REH , K Ik B
A AR TTE b, 78 AR R N b LA SRR R B TR YRR — SR AR AE Y BB L AR AE R
TMD #1FE 2 BEH 5 R R 10 2800 T4as 48 vk 0 MoS, RN S 23 i B N AAE n B9, 1 WSe, W] K7
i p B, BZ TMD R 20 5 B T 1 9 2, T3R8 28 32 1 2 Bl 5% ), JH o o 2 A9 2 75 1K
SERPEAR BT . 2 SR NS AR Ak B b 5 B R A O B AR SR T R O . R RO A
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Fig. 5 Applications of TMD in photodectors based on (a) (b) photoconductor mode and (c) (d) photocurrent mode. (a) Planar

MoS; phototransistor, three-dimensional schematic view of monolayered MoS; photodetector (top left), surface scanning
map of photocurrent with scale bar of 5 mm (top right) and band diagrams of devices (bottom) under equillibrium state (no
bias voltage, no illumination), OFF state (V,<V, under illumination) and ON state (V,>>V under illumination) 86l (b
vertical WSe; photodetecors, schematic representation of h-BN/G/WSe, /G/h-BN heterostructure (top left), schematic
illustration of experimental time-resolved photocurrent setup and cross-sectional view of device (top right), surface scanning
map of photocurrent obtained by focused laser beam with wavelength of 759 nm and power of 5 uW (bottom left), IQE as
a function of potential drop across WSe, layer AV for devices with thickness of 2.2, 7.4 and 28 nm (bottom right), fitted
curve between absorptivity and WSe, thickness (top left inset), IQE versus bias voltage Vi3 measured on 7.4 nm thick device
(bottom right inset )* ; (¢) planar photodetecor based on WSe, p-n junction, OM image of device and schematic side view
of crosssection with scale bar of 2 pm (top left), surface scanning map of photocurrent for diode laser with power of
75 mW, wavelength of 830 nm (top right), bottom left and right are semi-logarithmic plots of bias current I as a function
of bias voltage V4 under PN (blue circles) and NP (green circles) states, and insets are corresponding energy band diagrams
of diodes®” ; (d) vertical photodetector based on MoS,/WSe, p-n junction, energy band diagram of vertical p-n junction
(left), schematic diagram and optical image of device (top right), and surface scanning map of photocurrent with scale bar

of 3 um (bottom right) ™"
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Fig. 6 (a) False-color EL image of EL device based on monolayered MoS, and its absorption, EL, and PL spectra™® ; (b)

schematic diagram of van der Waals heterostructure based on h-BN/Gry/WS,/Grr/h-BN and correponding cross-
sectional bright-field STM image with scale bar of 5 nm (top left and top middle), OM image and device EL picture
of h-BN/Grg/ WS, /Grr/h-BN heterostructure with scale bar of 10 mm (top right and bottom left), PL and EL
spectra for monolayered MoS, and WS, devices, respectively (bottom middle and right)"'" ; (¢) planar LED based
on WSe; p-n junction, testing results of gate permanence of device (top left), energy band diagram of p-n junction
(top right), EL spectra of devices under different currents (bottom), schematic diagram of device (left inset), and

double-logarithmic curve between EL amplitude and current (right inset)
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