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Fig. 1. Synthesis setup and morphologies for different synthesis steps[17]: (a) The corresponding locations of

sulfur, MoO3, and SiO2/Si are indicated in a three-temperature-zone CVD system; (b) optical photo image contrast

between the bare SiO2/Si substrate and one with CVD grown MoS2 on it (left); magnified optical image of as-

grown continuous MoS» film is shown (right); (c)—(e) typical growth steps are indicated by AFM images.
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Fig. 2. Optical characterizations of a continuous monolayer MoSo atomic layer (17, (a) XPS demonstrating

binding energy for Mo and S; (b), (c) typical Raman and normalized PL spectrum comparisons between our

as-grown monolayer MoSs thin film and an exfoliated one.
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Fig. 3. Growth of monolayer MoSs films and large domains at variable oxygen flow rates 18], (a)—(f) Optical images

360 380 400 420 440 550

of MoSz grown on sapphire with different O2 flow rate. The insets in (a)—(c) are AFM height images. A height
profile was extracted along the dashed line shown in panel (c). The single domain thickness is ~0.65 nm, equal to
a monolayer thickness. (g), (h) Typical Raman (g) and photoluminescence (h) spectra of as-grown MoS2 with and

without Og2 carrier gas, respectively.
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Fig. 4. Effect of oxygen on the domain size at various growth durations (18, (a) Evolution of the size of single-crystal
MoS2 domains as a function of the growth duration; (b) dependence of pure growth rate and etching rate of MoSa
domains on the growth duration; the blue I and red II regions represent dominant growth and etching during the

growth process, respectively.
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diffraction, SAED) %, Bl H &% 2 [ &l P 1) AT 5
FORE T h-BN, 206 5 B N AT Rk E T 9 )=
MoSo, A B 4[5 P P (AT 5 R B T 52 MoS, 5
h-BN i f . ATEVE ), R=BERT5 M2 A
A, R HME R HZE MoSy 7 i 5 h-BN 4 i 2
A, B (o) WomBEIR &SI = 4 IR 1
SR, R UL B i 5 4 I (A e A, TR R
MR IR S SUE AN 1 nm.
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MoSz 1 AFM E{&; (d) #JZ MoS2/h-BN [ SAED & (e) M RACTIE K] 0° %6 M /R AR SUR & A TR G 4 R 3 %

S e T A PR A (1)

Fig. 5. (a) AFM image of monolayer MoS2 domains grown on smooth h-BN surface; (b) the count histogram of

the sample showed in panel (a); (c) AFM image of monolayer MoSs with other relative rotation angles at the step;

(d) SAED pattern of MoS2 /h-BN; (e) high-angle annular dark-field scanning transmission electron microscope image

of the Moiré pattern generated by lattice mismatch [19],
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F
MoS, 7 JE7E FE 252 o 555 7 T R B AL 5+ 1
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i B RS AT AT R ) % B ) B2 MoS,
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Fig. 6. Growth of monolayer MoSsz /sapphire wafers (201 (a) 2-in CVD setup; (b) photos of 2-in MoSsz /sapphire

and sapphire substrate; (c) high-resolution AFM image of monolayer MoS2 on sapphire; (d) high-resolution AFM

image of monolayer MoSy exposed in humid air (humidity 55%); (¢) Raman spectra of as-grown monolayer MoSg;

(f) photoluminescence and absorption spectra of monolayer MoSz; (g) the statistical A value and the PL peak

energy of monolayer MoSsy as a function of point position.
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Fig. 7. Lattice alighment between as-grown MoSs and sapphire substrates [20]: (a) LEED pattern of monolayer

MoS2 on sapphire; the orientation of MoSy lattice aligned with sapphire; (b) ARPES spectra of the as-grown
monolayer MoSz; (¢) HRTEM image of the stitched domain boundary in monolayer MoSs2; (d) SAED pattern;

(e) orientation distribution of 100 different sample points homogeneously distributed in 20 ym x 20 pm square;
(f) schematic illustration of the film stitched by I- and II-domains.
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Fig. 8. Electrical properties of monolayer MoSy transferred on SiOg substrates (201 (a) Electrical transfer and output

curves of a typical FET; (b) the on-state sheet conductance o (green) and on/off ratio (crimson) of 200 random
MoS2 FETs; (c) field-effect mobility calculated from 24 devices with different channel lengths.
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Fig. 9. Wafer-scale transfer of monolayer MoSg [2]: (a) Schematic diagram of the transfer process; (b) mono-
layer MoSz transferred on PET; (c) three wafer-scale MoS» films transferred and stacked on a 4-in SiO2/Si wafer;

(d) prepatterned monolayer MoSs transferred and stacked on SiO2/Si.
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—-—)
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Au ldeposition
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052 Dattern

T -
‘ :1 } i“:“i:“ ‘ 10 nm
Il i \' | |
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10 SR HE R R R e 21 ) 300 nm SiO2/Si b CVD 24K I MoSz; (b) 7E MoSs MM iE % PMMA; (c) %

MoSsy #4T EBL; (d) Eﬂ%‘tmﬂaﬁﬁﬁmi YU 20 nm [ Au; (e) AN ZELBRF S Au Fl MoSs; (f) 4K Fid gt
I3 MoS2 FEdl; (g) B s Au BRI S AGY BREEE; (h) 85 MBS0 MoS, LY RMEEE; (1) %Y
4100 nm ] MoSa 25 ) AFM &4

Fig. 10. Schematic depiction of the device fabrication process[21l: (a) CVD growth of MoS2 on silicon substrate
with 300 nm SiO2; (b) spin-coating PMMA on the surface of the MoSz; (c) pattern MoS2 by EBL; (d) 20 nm Au
deposited on the patterned film; (e) peel-off the Au film with unwanted MoSz by the tape; (f) well-defined MoS2
pattern on the substrate; (g) optical image of MoSy pattern covered with Au film; (h) optical image of the MoS2
pattern after peel-off; (i) AFM image of the MoSs pattern with width ~100 nm for every ribbon.
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[21),

Fig. 11. Optical properties of the MoSs pattern

(a), (b) Raman shift and PL spectrum of MoS2 on SiO2

substrate before and after patterning respectively; (c) optical image of the MoS2 pattern with line width ~ 500 nm;
(d) zoom-in image of the “IoP” logo from panel (c); (¢) AFM image of panel (d); (f), (g) Raman shift and PL

spectrum mapping of MoSo pattern shown in panel (d) on SiO2 substrate respectively.

128103-11


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 12 (2018) 128103

3.3 HBEEMoS, it T—mKE

THEM B NK G 5 X YK S 1
YT R B, JUAT S 1 R A T AR R e, R 4 B
W, X L8209 K 25 0] 5 B A SN 7 00 L
B 0L AT E SR T B2 MoS, B B 44 K
A P2 R — Rl Ar 558 TR B 7 A AR
ORI A2 S 7B, I B ™ AR N T A A
Tk BRA . CERS S R ER R, 7R
et LA K R HE 55 28 1 (R 2 i H R AR R B R T
HiZJr vk RIREE T Hoph = 4 &R s g i &
Y, JIWTFER AR — 4EE IR IR L T 2%

AT BT R H B MoS, £ £ SiOo 1 i b F)
CVD J7 i AE KR B A il A AR A i v B
He B B i) AFM & (8112 (a)) 7T RAE H, &
FLRSHE AR B S 1812 (b) ALk U i i
i EJESE A 0.3 Torr (1 Torr = 1.33322 x 10? Pa).
IR 150 °C\ SF B TR Th 3 0y 25 W Ab PEIR [A]

K12 MoSy 9K [ kit e 22

H20 min I FHIAFMESH K. EEMH T,
FE T B AL T e 0 k. B 5 S 1 2% i B TR
%440 min, MK 12 (c) 7T LLE 290K BT . #F—
IR BERIN, WA G RESES TIEN
25 W, W moh 3R o R EG KK W R, m
TR D 26T AL 8] SORHK. 6Ah, 9K ERK
JEE 3 R8T A o R B R /. BR Si00 A6, RIS
f1 graphene UL & BN _ff) MoS, t 7] PATE Ar 25 5
TR TR AN K 2.

5] A A B 1 B B ORL IR A L, TR
ARG IR S T S AL £, 75256 e 1Y
Raman U 7= 42 ¥ #% 1 7F 336 cm ! Y] Raman U4
PAALLH (K13 (a)), PL WK (13 (b)).

HRTEM K& & 75 99 K & /& b 25 (10 45 IR &5
¥, JEEEEZ)0.4 nm, £ —& 55 S 795 5
(Bl 14 (a)). M AMF X graphene b 44K 4 [ B
SR SN HARL YR -V 4 (B 14 (b)), &
graphene fll MoSy < [AIfF7ERE B 35 22,

30nm

(a) 7E SiO2 EAKE MoS #i; (b) S I ES; (c) I B IR B MoS2 40K

Fig. 12. The forming process of MoSs nanoscroll 22 (a) As-grown MoS2 monolayer on SiO2; (b) grain boundaries are

separated; (c) MoS2 nanoscrolls formation along the separated boundaries.
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Fig. 13. Raman and PL characteristics (22], (a) Raman spectra of the as-grown MoSs, MoS» with grain boundary separation

and MoSz nanoscroll; (b) PL spectra of the as-grown MoS2, MoS2 with grain boundary separation and MoS2 nanoscroll.
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Fig. 14. Structural and electrical properties of MoSs nanoscroll [22]: (a) TEM image of MoS2 nanoscroll (the inset

is the low magnification TEM image and the marked area is zoomed-in); (b) current-voltage curves of the graphite

substrate and MoSs nanoscroll on the graphite substrate; the inset is the AFM image.
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Fig. 15. Formation of 1T phase MoSy via plasma treatment (23,591, (a) Schematic representation of the plasma-
treated process; (b) Raman spectra of ML-MoS2 and plasma-treated MoSs as a function of treatment duration; the
inset shows enlarged spectra of new characteristic Raman peaks for the 1T phase MoS2; (c) time-dependent PL
spectra of plasma-treated monolayer MoSs; the PL is gradually quenched with the formation of 1T phase; (d) XPS
spectra showing Mo 3d and S 2s core level peak regions for the pristine and plasma-treated MoSg; the fitting green
and red curves represent the contributions of 2H and 1T phases to the Mo 3d peaks; the lower curve is 100% 2H
phase whereas the top curve can be fitted with both 1T and 2H phase components.
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Fig. 16. Atomic and electronic structure of local phase transition in monolayer MoSs [23]: (a)—(c) High-resolution
STM images of monolayer MoSs on graphite before (a) and after (b), (c) 40 s phase-transition treatment; (d),
(e) dI/dV spectra in logarithmic scale recorded at different locations in panels (a) (triangles marked as 1, 2, 3, 4)

and (b) (triangles marked as 5, 6, 7, 8) respectively.
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Fig. 17. (a)—(f) Schematic diagrams of the transfer
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Fig. 18. Characterizations of a monolayer MoSy flake before and after transfer [24: (a) Optical microscope and

(b) AFM images of the monolayer MoSy flake before transfer; (c) optical microscope and (d) AFM images of the

monolayer MoS; flake after transfer; (¢) Raman spectra of the monolayer MoS» flake illustrated in panels (a) (black

curve) and (c) (red curve); (f) PL spectra of the monolayer MoSy flake illustrated in panels (a) (black curve) and

(¢) (red curve); (g) transfer characteristics of a monolayer MoSz FET based on the flake illustrated in panel (c);

inset: optical microscope image of the device.
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Fig. 19. Invertor made from the BN/MoS2/BN heterostructure [24]: (a) Optical microscope image of the invertor based

on BN/MoS2 /BN heterostructure; (b) schematic diagram of the invertor in panel (a); (c) left axis shows: typical transfer

characteristic curve (@ bias voltage of 1 V) of the MoS> channel in the invertor in panel (b); right axis shows: corresponding

leakage currents in the transfer characteristic measurement; (d) output voltages as a function of input voltages, inset is the

schematic drawing of the electronic circuit; (e) Vip-dependence of the invert gain.
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Fig. 20. (a) Atomistic illustrations of the van der Waals-stacked MoS2-BP heterojunction; (b) optical microscope

image of a MoS2-BP heterojunction on a Si/SiO2 substrate (300 nm SiO2); (¢) Raman spectrum of the heterostruc-

ture; (d) schematic diagram of the heterojunction device [25],
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Fig. 21. (a) Output characteristics of the MoS2 (80 nm)/BP (14 nm) heterojunction; the inset shows the optical
microscope image of the device; (b) gate dependence of forward current, reverse current of the heterojunction; inset
shows the gate dependence of current rectification ratio; (c) band alignment of MoS2/BP p-n junction; (d) band

alignment of MoS2/BP n-n junction (251,
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Fig. 22. Characterization of as-grown and as-transferred vertically MoSa/WSa heterostructures [26]: (a) Top and
side views for atomistic illustration of vertically assembled A-A and A-B stacked MoS2/WSs bilayers on SiO2/Si;

(b) optical image of the first grown triangular WSo domains on SiO2/Si; (c) optical image of as-grown MoS»

triangular domains on the top of triangular WSy domains; (d) AFM image of the first grown WS2 domain with the

monolayer thickness on SiO2/Si; (e) statistic thickness distribution of as-grown monolayer MoS2 domains on WSa
layers; (f) AFM image of atomically flat as-grown MoS2 on WSy with A-A and A-B stacking; (g), (h) optical and
AFM images of as-transferred random stacking MoS2/WSs heterostructure.
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Fig. 23. Low-temperature PL measurements of as-grown MoS2/WSs heterostructures and schematic diagram of

band alignment [26]: (a) Temperature dependence PL spectra from 300 to 77 K for as-grown samples; (b), (c) PL

peak energy and FWHM for MoSs plotted as a function of temperature, respectively; (d) PL spectra for as-grown

heterostructure and the Lorentzian fitting at 77 K; (e) the bandgap alignment of coupled MoS3 /WS heterostructure.
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Fig. 24. Different twisting angles obtained by AFM tip mechanical manipulation [27): (a) 0°; (b) 6°; (c) 13°; (d) 21°;

(e) 30°; the scale bars panels in (a)—(e) are 2 pm.
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Fig. 25. (a) Interlayer twisting angle dependence of PL spectra; (b) relative PL intensity and emission energy versus

interlayer twisting angles; (c) interlayer twist angle dependence of Raman spectra; insets is Lorentzian fitting of the
(27]

splitting Eag; (d) the plitting of Eog versus interlayer twisting angles [27].
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Fig. 26. (a) The fabrication process of graphene-contacted ultrashort channel MoSy transistors; (b), (c) atomic

sectional drawing of a device in top-gated/back-gated geometry (28],
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Fig. 27. (a) Optical microscope image of a typical ultrashort channel back-gated monolayer MoS2; (b) typical output

curves of 8 nm MoSy FET at various back-gated voltages; (c), (d) semi-log plot of transfer characteristics of 8 nm

and 3.8 nm MoS2 FETs at various bias voltages respectively; (e) channel length-dependent on/off ratio, intrinsic
field-effect mobilities, SS and DIBL of back-gated MoSs transistors (28],
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Fig. 28. (a) Optical microscope image of a typical ultrashort channel top-gated monolayer MoS2; (b) typical output

curves of 9 nm MoSy FET at various back-gated voltages; (c), (d) semi-log plot of transfer characteristics of 9 nm

and 4 nm MoSg2 FETs at various bias voltages respectively; (e) channel length-dependent on/off ratio, intrinsic field-
effect mobilities, SS and DIBL of top-gated MoSs2 transistors (28],
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Fig. 29. The device fabrication process [29]: (a) Deposition of Au on flexible PET substrate precoated PDMS;

(a) FE¥H PDMS 1 PET ¥R Au; (b) ALD YR HfO2; (c) #4% MoSa; (d) #n

(b) atomic layer deposition of HfO2 layer on the substrate; (c) transferring MoSs film on HfO3 layer; (d) fabrication

of two terminal MoSs device.
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Fig. 30. (a) The output characteristic of the device with channel length & 85 pm and width ~ 2.5 um; (b) the

transfer characteristic of the device; (c) temperature dependence of the source-drain current with the gate voltage

the bias is 1 V; (d) Arrhenius plot of the drain current; the inset image shows the mobility change with temperature;

(e) statistical data of mobilities for the devices array; (f) statistical distribution of the Iopn/Iog switched ratio 291,
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Fig. 31. (a) The schematic image of the bendable device; (b) the transfer characteristics of the device before and

after 1% strain added; (c) both on and off currents has no obvious change with various strain added; (d) the

dependence of the carrier mobility on the strain [29],
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Fig. 32. (a) The fabrication process of monolayer MoSy FETs array; (b) the optical image of the MoS2

devices array on silicon substrate with 300 nm SiO2, and the inset shows the AFM image of the patterned
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ultraclean MoSs surface [30].
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Fig. 33. (a) The transport property of the MoSo FET at 0% RH; (b) the output characteristic of the MoS2
FET under different RHs; (c) the transfer curves of the device with RHs increasing from 0% to 35%; (d) the
resistance variation at different RHs the blue and red lines show increment trends in linear and logarithmic
coordinates respectively; (e) the statistical results for mobilities and on/off ratios which decrease in a linear

relation with RH increments; (f) the threshold voltages shift to positive direction with increased RHs [30].
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Fig. 34. (a) The optical image of the MoS2 humidity sensor array in the chip carrier; (b) the resistance increased

exponentially with the finger moving closer to the MoS2 device; (c) the left image shows the measured resistances of

each MoSs FET pixel when the finger has a certain distance (3 mm) from the sensory array; the right image shows

the calculated RH distribution according to the measured sensing results; (d) the distributions of resistances and

calculated RHs according to a wet object in N shape with a distance (3 mm) with the sensory array; (e) schematic

illustration of MoSg FETs array on soft PDMS substrate; (f) the real-time humidity sensing tests of the MoSe FET

on both flat and bend (strain ~ 1%) condition [39].
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Abstract

As an emerging two-dimensional (2D) material, monolayer molybdenum disulfide films show excellent electrical and
optical properties and have aroused great interest due to their potential applications in electronics and optoelectronics.
In this paper, we review our works about molybdenum disulfide films in the past few years. Chemical vapor deposi-
tion (CVD) is a convenient and low-cost method to synthesize 2D materials. By oxygen-assisted CVD, the wafer-scale
highly-oriented monolayer molybdenum disulfide films and large single-crystal monolayer molybdenum disulfide on vari-
ous substrates have been prepared epitaxially. Preparation of high-quality monolayer molybdenum disulfide films is the
key to measure its intrinsic properties and realize its large-scale applications. Besides the preparation of high-quality
materials, the optimizing of transfer technique and fabrication technique are of equal importance for improving the
properties of electronic and optoelectronic devices. Water-assisted lossless transfer, patterned peeling, structural change
and local phase transition of monolayer molybdenum disulfide films pave the way for preparing and optimizing the
functionalized devices. For example, water-assisted transfer and patterned peeling provide methods of preparing molyb-
denum disulfide samples with clean surfaces and interfaces. Phase transition in the contact area of field-effect transistor
reduces the contact resistance effectively, which improves the electrical performance. In addition, the heterojunctions
of molybdenum disulfide and other 2D materials show novel electrical and optical properties. As for the functional
devices, ultrashort-channel field-effect transistors, integrated flexible thin film transistors, and humidity sensor array
have been realized with monolayer molybdenum disulfide films. A grain boundary widening technique is developed to
fabricate graphene electrodes for ultrashort-channel monolayer molybdenum disulfide transistors. Field-effect transistors
with channel lengths scaling down to =~ 4 nm can be realized reliably and exhibit superior performances, such as the
nearly Ohmic contacts and excellent immunity to short channel effects. Furthermore, monolayer molybdenum disulfide
films show excellent electrical properties in the measurement of integrated flexible thin film transistors. Under a uniaxial
stain of 1%, the performance of the device shows no obvious change, revealing not only the high quality of CVD-grown
molybdenum disulfide films, but also the stabilities of these flexible thin film transistor devices. Molybdenum disulfide
humidity sensor array for noncontact sensation also shows high sensitivity and stability. Mobility and on/off ratio of
the devices in the array decrease linearly with the relative humidity increasing, leading to a high sensitivity of more
than 10*. The study of monolayer molybdenum disulfide films is universal and instructive for other 2D transition metal
dichalcogenides.
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