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Table 1 Electronic properties of different 2D-TMDs
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Figure 1 (Color online) 2D TMDs materials prepared by the micromechanical exfoliation method. (a) The schematic of monolayer MoS, prepared by

the micromechanical exfoliation method™'. Optical microscope images of individual MoSe, (b)"*", WS, (c)"*!!, WSe, (d)"*" and PtS, (e

pared by micromechanical exfoliation
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Figure 2 (Color online) 2D TMDs materials prepared by lithium intercalation and exfoliation. (a) The schematic of preparing monolayer or multi-
layer MoS, sheets by lithium intercalation and exfoliation>’. (b) The schematic of preparing 2D TMDs sheets by electrochemical lithium intercalation
process'™’!. Photograph of lithium intercalated MoS, suspension in water (c) and corresponding AFM image of exfoliated MoS, sheets after annealing at
300°C (d)"*”'. Photograph of electrochemical intercalated MoS, suspension in NMP (e) and corresponding AFM image of individual Mo$S, sheet (f)"**!
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Figure 3 (Color online) 2D TMDs materials prepared by liquid phase sonication. (a) Schematic description of liquid phase exfoliation by sonication
to prepare 2D TMDsP. (b) Photograph of dispersions of WS,, MoTe,, MoSe,, NbSe,, TaSe,, and BN stabilized in water by sodium cholate!®’'. Photo-

graphs of MoS, (¢) and WS, (d) dispersions in various ethanol-water mixtures, respectively’
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Figure 4 (Color online) Preparation of MoS, sheets by thermal ablation by laser-thinning. (a) The schematic of laser ablation for thinning MoS..
Optical microscopy images of a multilayered MoS, flake deposited onto a 285 nm SiO,/Si substrate (b) and after scanning a laser (c)""*.. (d), (h) Optical
microscopy images of the pristine MoS; flake before anneal, and thermal annealed MoS, flakes. The annealing times are 2 h((e), (i)), 4 h((f), (j)) and

7h (2), k)™

AR R ) AT AR RS | AR R R N — B A
T3 WHRAT A B, XA AR CVDE SR R
Ji H A TMDs AT 98 ELAT — 52 Pk A 4%

UL AR K TMDs Y CVD A KA HUAS 1 — & 1Y 58 il
kR, CRESEA B SSRERM], I HICVDkE
fﬁ]%ﬁﬂaa.ﬁﬂﬂﬁ‘fﬁ’]ﬁ@ﬁ/ T HETMDs R [F]

RS R AT DL AL AR R 25 ik 46 B i R AR K
*ﬁﬁﬁ?ﬁﬁ@%ﬂﬁ*ﬁi’l[%’sﬂ. SRR, W RCVDIA
TR AR 0] LAy R 3Fh: (1) #AZE VA E 1L (thermal
vapor chalcogenization, TVC), UK 5(a), (b)Fr~, B

4242

TR IR BT S A H bR R 2H 2 1 IR RS
Yyek BT, SRS AEX(X=S, SefF) Ky 8 v ik
1THilEtk; (2) A VI (thermal vapor deposition,
TVD), 4P 5(c) s, BV o v i 54 8 i X4 5
RO RSTFRE AN, RATE HAreh e R4 H
Ak A R R A K ZHETMDs RS, (3) SR —
AETMDs I B CVDA K, WIEIS(d) 7, B I+
ALY SRR, T8 A X B2 S TR A R i B
U RRS RS, 0T LUZE H AR RS IR BB R A6 AR
DULF R e B . ROR 4 2 — ZEvi .



iE R

(a)

M-film deposition

e Q]

Substrate Substrate
(c)
X-powder

— M_iowder Substrate .

(b)

(d)

Furnace
Carrier gas _ Exhaust
— X-powder M-film a—
Exhaust
(Carargas-r-— I L &
(Crgas - -—
Substrate

(X =

B 5 (MR E) 5 FICVDIETMDME T ATR L. (a), (b) MAITVCE I EnEE, Hrh M-film™RF TR 3 68 191k A P sl
B, «X-powderURMBITR IR BUIA; (¢) MAITVDE M 3R B A, Hri“M-powder” fRERBHITR I L BTE AL A WA (d) HiAlaf

SAETMDs IR C VDL A Bs B

Figure 5 (Color online) Schematic diagrams of CVD methods for preparation of 2D TMDs. (a), (b) Typical processes employed for TVC processes.
(c) A typical set-up employed for TVD processes. (d) A typical set-up employed for CVD methods with pure gas sources
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Figure 6

(Color online) TVC preparation method with various thin-film deposition technologies. (a) Schematic synthetic process of WS, by sulfuri-

zation of ALD deposited WO,*!. (b) Schematic synthetic process of MoS, by sulfurization of sputtered MoO3*"". (c) Schematic synthetic process of

MoS, by sulfurization of thermal evaporated MoO; film™!. (d) Schematic synthetic process of MoS, by sulfurization of e-beam evaporated Mo film'

95]

(e) Schematic synthetic process of MoS, by two-step sulfurization of dip-coated (NH;),MoS, film™®!
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Figure 7 (Color online) TVD preparation method for 2D TMDs. (a) Schematic illustration of an experimental set-up (left), and an optical image of
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Table 2 Summary of different 2D-TMDs synthesis methods and corresponding device qualities
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Recent progress in two-dimensional transition metal
dichalcogenides: Material synthesis for microelectronics

XU Hu, LIAO FuYou, GUO ZhongXun, GUO XiaolJiao, ZHOU Peng, BAO WenZhong* &
ZHANG David Wei

State Key Laboratory of ASIC and System, School of Microelectronics, Fudan University, Shanghai 200433, China
* Corresponding author, E-mail: baowz@fudan.edu.cn

The size of modern electronic and optoelectronic devices has been shrunk down to nanoscale and this effort still contin-
ues. A lot of concerns focus on whether current silicon-based complementary metal oxide semiconductor (CMOS) tech-
nologies can overcome the physical limit at nanoscale. A promising alternative choice of semiconductor material,
two-dimensional layered materials (2DLMs) have emerged recently, including graphene, 2D transition-metal dichalco-
genides (2D TMDs), black phosphors (BPs), etc. Due to their unique atomic thickness nature, 2DLMs are likely to have
the greatest potential to overcome the dilemma of geometric scaling. 2DLMs also exhibit a wide range of unique proper-
ties owing to their unusual atomically thin defined structures.

Most 2D TMDs have a MX, structure, where M represents transition metal (Mo, W, Ti, Pt, Hf, etc.) and X is the
chalcogen (S, Se, or Te). Contrary to graphene which displays many superior properties but lacks a bandgap, 2D TMDs
exhibit a wide range of electronic properties, from semiconducting to metallic or even superconducting, depending on the
combination of M and X. For most Mo and W based 2D TMDs, the intrinsic band gap is greater than 1 eV so that the
high on/off-current ratio is more easily achieved at room temperature. Moreover, 2D TMDs possess band structures that
are known to be highly sensitive to various effects that arise from surfaces and interfaces, thus providing versatile knobs
for tuning 2D TMD devices. Various modification methods have been applied to further physically or chemically tune
2DLMs based on their unique intrinsic properties. To date these include dimensional sizing, ion-intercalation, application
of an external field, tuning the stacking order, and strain engineering, etc. These fundamental modification methods pro-
vide useful engineering tools to improve TMD electronic devices.

So far, most research results of 2D TMDs have been based on mechanically exfoliated sheets which are single crystal-
line with few defects. But the exfoliation method has poor reproducibility, relatively low yield, and gives rise to a lateral
size no more than hundreds of microns. Thus, the main bottleneck for practical application of 2D TMDs in electronic
devices still remains at the stage of wafer scale uniform growth. Compared to chemical vapor deposition (CVD) synthe-
sized graphene film with high carrier mobility and large grain size, the existing synthetic methods of 2D TMDs can only
produce films with limited spatial uniformity and fair electrical performance. Thus, there is still significant room for im-
proving current CVD methods, or exploring new synthetic methods.

In this review, we summarize and compare various preparation methods of 2D TMD materials. All these methods can
be actually classified by two strategies: “Top-down” methods, where the bulk forms are exfoliated into few-layer or
monolayer sheets; and the “bottom-up” methods, that chemically synthesize 2D TMDs using CVD, atomic layer deposi-
tion (ALD), molecular beam epitaxy (MBE), etc. We first introduce several important “Top-down” methods including
mechanical exfoliation, liquid phase exfoliation, ion intercalation and laser thinning. We then focus on the CVD ap-
proaches that are suitable for wafer-scale synthesis of high-quality 2D TMD films. We also introduce the latest develop-
ment of 2D TMDs application in electronic devices, and provide a look at the future of this field.

two-dimensional layered materials/two-dimensional atomic crystal, transition metal chalcogenide, molybdenum
disulfide, chemical vapor deposition

doi: 10.1360/N972017-00851
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