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Bl 1 BRI MoS, il #E A K R DIFE P (a)—(c) CVD &AM EJEDIFE P (d)—(h) MoS, MEMEA: A8 R B )
Fig. 1. The development of controllable growth of MoS, films by CVD system in NO7 group/®!: (a)—(c) CVD systems’ development/>’);

(d)—(h) epitaxial monolayer MoS, films/*.
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SN I PRI RE L3 S, R JaAE i ERLR JLF HUA PIRR ), BIAR XS T 8 5540 R IR A4 0%
MoS, JEJZ YA K FE . X WA 15512 MosS, v fi5 60°, X FFATZHT 2 in FYZER—F 2.

W Ve

2 4in FEA B LK RE MoS, BRI (a) 2 CVD 4G Z5 I 00 (b) B E MoS, MY S HHE M 4 in 1 F 4 5
[ B8R0 (¢)—(e) WEEN 10 scem BYLEFREE T, 7615 5 A0 R0 IE 43 5l A K 20, 40 F 60 min #9 MoS, #OE#ER, B A (d) A
bR TR R R Dy 2 1

Fig. 2. Growth of monolayer MoS, on 4-in wafers!'%: (a) Schematic diagram of the multisource CVD setupl'; (b) photograph of a 4-
in sapphire wafer uniformly covered by monolayer MoS, film['%; (c¢)-(e) optical images of MoS, grown on sapphire for different times

with an O, flow rate of ~10 sccm!!%. The top right corner in Figure (d) is an intentional scratch.

Bl 3 BAJZ MoS, MIBEAY S5 M R AR (a) BA)Z MoS, MY AFM % 16 (b) 47 LA AHRIJE B MoS, B¢ 56 i i & {5 1e);
(c) B2 MoS, 1 & A7 & () STEM EIR 19 (d) B (c) B 555 66 75 HE X 30 STEM EIZ19; (e) &RARLNH R STEM EIE; (f) 5
)2 MoS, i i ¥) SAED [l 19

Fig. 3. Structural characterizations of monolayer MoS, film'¥: (a) AFM images of monolayer MoS, films (the step structure is from
the underlying sapphire surface) 19 (b) fluorescence microscope image of the as-grown film with an intentional scratch on the up-
per right corner%; (c) typical STEM images of the MoS, domain boundary!'’; (d) zoomed-in image of the rectangular area in Fig-

ure (c) M; (e) typical STEM images within a grain'; (f) SAED pattern of monolayer film!'%.
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I R, RS I R R, AR 2L MoS, E K
FRBLAR BN B T A

FATTIN R 1531 525 5E 1) MoS, fi b B S ek il 78
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Fig. 4. Transport properties and logic gates of as-grown monolayer MoS, films[': (a), (b) Output/transfer curves of a typical FET(0],
The on/off ratio (c) and mobility (d) of 100 random MoS,-FETs('%); (e) comparison of MoS, electrical performance at room temper-
aturel'; (f) voltage transfer characteristic of an inverter (left axis) and the corresponding voltage gain of the transfer curve (right
axis) ['%; (g)—(i) output characteristics of NAND (g) NOR (h), and AND (i) gates!'‘.
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Fig. 5. Effect of oxygen on the domain size at various growth durations ?2: (a) Evolution of the size of single-crystal MoS, domains

as a function of the growth duration®; (b) dependence of pure growth rate and etching rate of MoS, domains on the growth dura-

tion, the blue I and red II regions represent dominant growth and etching during the growth process, respectively[?2.
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Fig. 6. (a) AFM images of MoS, domains grown under the condition that the temperature of MoOjy changed from 450 to 580°CI3;
(b) the corresponding relationship between the shape change of MoS, domains and the change of Vy,*8l. Scale bar for (a) is 1 pm.
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Fig. 7. The growth of monolayer MoS, ,0, films?!: (a) Schematic set up of a three-temperature zone CVD system for synthesis
monolayer MoS,_,0O, filmsi?J; (b) the phase diagram and designed reaction routes for synthesizing MoS,_,0,?; (c)—(g) optical im-
ages of the synthesized MoS,_,0, triangles with increasing doping levels by varying the oxygen carrier gas flow-rate (Fp,) from 4 to
25 sccm and growth temperature (7¢) from 930 to 800 C2Y. Inset in Figure (e) is the AFM image across the boundary of MoS, ,0,

triangle. Scale bar, 1 pm. (h) The controllable growth of MoS, ,O, heterostructures with Fo, of 20 sccm/6 sccm/10 scem/6 scem at
800 °C4.
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Fig. 8. The optical properties characterizations of MoS, ,0, ?¥: (a) XPS spectra of MoS, ,0, synthesized with Fp,= 6 sccm!;

(b), (¢) Raman and PL spectra of MoS, ,0, with increased oxygen doping levels®; (d)—(f) PL mapping of as-grown MoS, ,0O,

samples synthesized with F, of 4 (d), 10 scem (e) and 20 sccm /6 scem /10 scem /6 scem () 24,
o
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Fig. 9. Schematic and fabricated MoS, transistor devices on flexible substrates of PETH: (a) Hllustration of flexible transistor arrays
with integrated circuits. Left inset: the 4-inch monolayer MoS, wafer grown by epitaxy techniques. Right inset: the specific struc-
ture of the flexible MoS,-FETs; (b) optical image of MoS, domains grown on a 4-inch sapphire substrate for 20 min. The side
length of the triangular MoS, domain is ~20 pmf; (c) optical image of a continuous monolayer MoS, film grown for 40 minl?; (d)
HRTEM image of the as-grown monolayer MoS,?; (e) photograph of very large-scale flexible MoS, transistor arrays with a device
density of 1518 /cm?, completely fitted to a human wrist. Inset: magnified image of FET arrays?; (f) photograph of the flexible
MoS, transistor arrays, showing their outstanding optical transparency?; (g) photograph of various integrated multistage circuits on
flexible substrate, including inverters, NOR gates, NAND gates, SRAMs, AND gates and five-stage ring oscillators?.
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Fig. 10. Performance characterization of the MoS, transistors®: (a) Ig- Vi curves of MoSy-FET s with different metal contacts and
dielectric layers®; (b) transfer-length-method (TLM) measurements of the contact resistance from the Ti/ Au and Au/Ti/ Au elec-
trodes?; (c) transfer curves of Au/Ti/ Au contacted devices measured at various temperatures, where “s” is sheet conductivityl?.
Inset: Arrhenius plot at different V. (d) V, dependence of the SBH for monolayer MoS, transistors with Au/Ti/ Au contacts; (e)
L4 V4 output characteristics of a device with channel width and length of 30 pm and 6 pm, respectivelyl?; (f) corresponding I4- Ve
(g) transfer curves at Vg = 3 V for 97 flexible MoS,-FETs in the 100-transistor

array. Inset: on/ off ratio map for each transistor location. (h) Statistics of mobility from 100 flexible transistors?; (i) summary of

transfer characteristics at different bias voltages!?;

the on/ off ratio and mobility for various large-area flexible transistors reported in the literature.
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Fig. 11. Electrical performance of flexible devices under strain®: (a) Schematic of the strain distribution of flexible MoS, transistor

arrays under bending®; (b) PL spectra of monolayer MoS, under different tensile strainsi?; (c) Ig- Vi transfer curves of flexible MoS,

transistors (L/ W = 3:1) at different strains®?; (d) on and off currents of five randomly picked devices versus strain/?); (e) the depend-

ence of charge-carrier mobility on strain®; (f) on/ off ratio and charge-carrier mobility of a device subjected to 10° cycled tests of

bending and releasing. Data were measured at 1% strain. Inset: photograph of flexible devices at 1% strainl?.
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Fig. 12. MoSy-based flexible logic gates and oscillators®: (a) Photographs of different MoS, integrated devices on flexible substrates!?;

(b) output voltage of an inverter as a function of input voltage when under different bending states. Inset: voltage gain of the in-
verter under an input of 4 VP. (c), (d) Output characteristics of flexible NOR (c) and NAND (d) gates before and after bending at
Vaa = 2 V. Logic ‘0’ and ‘1’ mean 0 and 5 V, respectively, for these and all the following logic devices?. (e), (f) Output character-
istics of flexible SRAM (e) and AND (f) gates at Vgq = 2 VI?; (g) output waveform of a five-stage ring oscillator at Vyq = 15 VI2;

(h) output frequency as a function of supply voltage Vg,. Error bars represent one standard deviation/?.
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Fig. 13. Device structures and performances of all-2D FETs under both SG and DG geometries®: (a) Schematic cross section view
of an all-2D device in which FLG, MoS, and h-BN serve as contact/gate electrodes, channel, and gate dielectric layers, respectively®.
(b) Optical microscope images of all-2D FETs with SG and DG. Bottom and top FLG gate is outlined by black dashed line. (c)—(f)
Typical output and transfer curves of SG ((c), (d)) and DG ((e)—(f)) FET with the same channel (L= 3 pm, W= 10 pm). Insets in
Figure (c) and Figure (e) are output characteristics at a small bias within 100 mV®.. (g) SBH characterizations in insulating re-
gime as a function of V. Insets are the cryogenic electrical transport curves of SG and DG FETs. MIT behavior could be observed
from the DG devicel™. (h) R.-V, plots for both SG and DG devices, fitting from transfer length method!®.
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Fig. 14. Vertically integrated multilayer FETs through layer-by-layer vdW assemblyl®): (a) Schematic cross section view of the

device structure consisting of 3 L FETs[®l; (b) optical microscope images of vertical integrated 1L to 3L FETs with vertical inter-

connects inside the stack. Scale bar: 20 pm®); (c), (d) output curves (at V, = 12 V) and transfer curves (at Vy, = 1 V) of vertical
integrated 1L-3L devices. In an individual FET, channel length/width is 3 pm/10 pm, all h-BN thickness is around 30 nm!%.
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Fig. 15. Vertically integrated multilayer functional devices: (a)—(c) Schematic illustration of vdW-stacking multiple layers with (a)
memory (M;-Ms, 1st layer), (b) logic (L1-L3, 2nd layer), and (c) sensor (S;-Ss, 3rd layer) functions®.. (d) Typical IV switching
hysteresis of a memory devicel®; (e) output voltage V., of the inverter as a function of input voltage Vi, with drain-to-drain
voltage Vyq varying from 1 to 10 V (inverter is constructed by interconnecting devices L;-L, in 2nd device layer). Insets are the
schematic and the maximum gain value which approaches to 300 at Vgq= 10 VI (f) Output voltage of the logic NAND gate at
four typical input states with V= 1.5 V (NAND gate is realized by interconnecting devices L;-Ly-L3 in 2 nd layer) 1%, (g) Static
photo response of the optical sensor under both dark and blue light environments (light power Py jigne = 30 mW-cm ?). Bias is 1 V.
Inset shows the specific detectivity of the photodetector®. (h) Dynamic photo response of the optical sensor at different gate
voltages with 1 V-bias reading. Light is turned on (blue shadow) for 5 s then turned off for 5 sl (i) The cooperative working
between sensor and memory functional layers. The Rg of memory device (M), outlined by the red dash line, is gradually changed

with the signal from optical sensor (S;) (.
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Fig. 16. Device structures and memory characteristics of all-2D two terminal floating-gate memory (2TFGM)™: (a) Schematic of
the all-2D materials 2TFGM with monolayer MoS, as the channel, thin h-BN as the tunneling layer, and FLG as the contact elec-
trodes and floating gatel™. (b) Typical semi-log scale I-V switching hysteresis loops of the FGMs with channel length/width of
3 um/10 pm, and different thicknesses of h-BN from 7 to 15 nm. The sweeping directions are indicated by the dashed arrows. In-
sets are the corresponding optical images of 2TFGMs with scale bars of 10 pml™. (c¢) Band diagrams of the drain/ h BN/FG at the
(i) programming and (ii) erasing processes. The red dashed line arrows indicate the tunneling direction of electrons™. (d) Over 10%
retention time of 2TFGM with 10 nm-thick h-BN after the programming and erasing processes at elevated temperatures from
300 to 500 K (Vieaq=1 V). Two explicit resistance states could be preserved at 400 KI™. (e) Endurance test with 10° cycles of
switching operations showing no deterioration on the on/off ratio. Programming and erasing processes are carried out by +18 V
with a pulse width of 100 ms and a reading voltage of 1 V™. (f) Device switching speed measurements. The device still shows stable
resistance switching under short pulse widths of 100 and 40 ns (+£23 V), indicating the high speed of our device. Inset shows the
voltage pulse with width of 100 ns /40 ns and amplitude of +23 V(™. (g) Optical image of the fabricated 4 x 4 2TFGM array!™.
(h) The color map of conductance states of the 4 x 4 2TFGM array. The map of “NO7” patterns ((i)—(iii)) are stored by operating
the 2TFGM devices array!™.
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Fig. 17. Characterizations of artificial synaptic behaviors/™: (a) Schematic illustration of biological neurons, consisting of a soma, an

axon and dendrites, and synapses, which are the conjunctions between two neighboring neurons. The enlarged area illustrates the

synaptic transmission of neurotransmitters between the axon terminal of pre-synaptic neuron and the dendrite of post-synaptic

neuron(™. (b) Post-synaptic current versus pulse number, demonstrating long-term potentiation and depression characteristics emu-

lated by our 2TFGM device. 3000 distinct states are programmed in our 2TFGM artificial synapse through a series program/erase

pulses of +15 V (40 ns)™

. (c), (d) The transient responses during the P/D process captured by oscilloscopel™; (e), (f) The en-

larged view of several cycles in Figure (¢) and Figure (d), mimicking excitatory postsynaptic current (EPSC) and inhibitory post-

synaptic current (IPSC) [
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Fig. 18. The pursuit for linear and symmetric weight update for neuromorphic computing(™: (a), (b) The changes in the device con-
ductance as a function of pulse width (a) and amplitude (b) during the P/D process™. (c¢) The linearity, on/off ratio, and number
of states in the P/D process could be tuned by adjusting the amplitude of voltage pulses from +10 to +13 V (100 ms)[™. (d) Non-
linearity analysis on the weight update of the different P/D curves in Figure (c¢). The orange dashed lines represent the ideal linear-
ity and symmetry of weight updatel™. (¢) Cycled P/D operations of the 2 TFGM artificial synapse. At least 50 states are pro-
grammed using a series of pulses with amplitude of +£12 V and width of 100 ms, demonstrating good reproducibility, linearity, and
symmetry in the synaptic weight updatel™. (f) The image classification accuracy for hand-written digits from the MNIST database
under different P/D processes as a function of the training epoch. A high recognition accuracy of 97.7% is achieved using the P/D
process of 400 states and Vye=410 V™. (g) The error rate after 20 training epochs corresponding to different P/D processes in Fig-
ure (f). Inset illustrates the simulated neural network structure. Here a three-layer perceptron (including one hidden layer) is simu-
lated with the standard backpropagation algorithm!(™.
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Fig. 19. (a) Polarization curves of the pristine type-I MoS, (without any domain boundaries), pristine type-III MoSy(with 2H-2H do-

main boundaries), heterophase type-I MoSy(with 2H-1T-phase domain boundaries), and heterophase type-III MoSy(with both 2H-2H

and 2H-1T domain boundaries), respectively”. (b) Tafel plots of the corresponding curves in Figure (a) .
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Fig. 20. Multi-hierarchy monolayer MoS, catalysts for HERF: (a) Schematic structure of the multi-hierarchy MoS, catalysts with

both high density of domain and phase boundariesl’; (b) polarization curves for pristine type-II samples, pristine type-III samples, a

series of heterophase type-IIl samples with different phase boundary densities and PtP); (c) Tafel plots of the corresponding curves
in Figure (b)P); (d) HER performance of a multi-hierarchy MoS, catalyst in 0.5-M H,SO, (red curve) and 1-M KOH (purple curve) 1)
(e) time-dependent current density curve for a multi-hierarchy MoS, catalyst under static overpotential of 150 mV for 200 hP;

(f) demonstration of the catalytic HER activity in 0.5-M H,SO, from a multi-hierarchy MoS, catalyst with a size of 4 inches in dia-

meter. Inset: photograph of pristine as-grown wafer-scale MoS, on sapphire substratel.
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SPECIAL TOPIC—Scalable production of two-dimensional materials
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Abstract

Monolayer molybdenum disulfide (MoS,) is an emerging two-dimensional (2D) semiconductor material. The
MoS, film has a natural atomic-level thickness, excellent optoelectronic and mechanical properties, and it also
has the potential applications in very large-scale integration technology in the future. In this article we
summarize the research progress made by our group in the studying of monolayer MoS, films in the past few
years. The controlled growth of large-size MoS, single crystals is achieved by oxygen-assisted chemical vapor
deposition method. By a unique facile multisource CVD growth method, the highly oriented and large domain
size ML MoS, films are epitaxially grown on a 4-inch wafer scale. Almost only 0° and 60° oriented domains are
present in films, and the average size of MoS, grains ranges from 100 pm to 180 pm . The samples exhibit their
best optical and electrical quality ever obtained, as evidenced from their wafer-scale homogeneity, nearly perfect
lattice structure, average room-temperature device mobility of ~70 cm?V -s' and high on/off ratio of ~10° on
Si0, substrates. By adjusting the oxygen doping concentration in the MoS, film through using an effective CVD
technique, electrical and optical properties can be well modified, thereby greatly improving the carrier mobilities
and controllable n-type electronic doping effects resulting from optimized oxygen doping levels of MoS, ,O, . In
terms of MoS, thin film devices and applications, the 4-inch wafer-scale high-quality MoS, monolayers are used
to fabricate the transparent MoSy-based transistors and logic circuits on flexible substrates. This large-area
flexible FET device shows excellent electrical performance with a high device density (1,518 transistors per cm?)
and yield (97%), and exhibits a high on/off ratio (10'°), current density (~35 pA-um™), mobility (~55 cm?V.s71)
and flexibility. Based on the vertically integrated multilayer device via a layer-by-layer stacking process, an
individual layer of all-2D multifunctional FET is successfully achieved with nearly multiplied on-current
density, equivalent device mobility, and persevered on/off ratio and subthreshold swing (SS) of the individual
layer, the combined performance of the device is fully utilized, and the integration of “ sensing-storing-
computing” is realized. A two-terminal floating-gate memory (2TFGM) based artificial synapse built from all-
2D van der Waals materials is prepared, the 2TFGM synaptic device exhibits excellent linear and symmetric

weight update characteristics with high reliability and tunability. A large number of states of up to ~3000,
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high switching speed of 40 ns and low energy consumption of 18 fJ for a single pulse are demonstrated
experimentally. The introduction of structural domain boundaries in the basal plane of monolayer MoS, can
greatly enhance its hydrogen evolution reaction performance by serving as active sites. The progress we have
made in the preparation of monolayer MoS, films and the research on device characteristics is of guiding
significance for the basic and application research of MoS,, and also is universal and instructive for other 2D

transition metal dichalcogenides.

Keywords: monolayer molybdenum disulfide, chemical vapor deposition, growth control, field-effect

transistors.

PACS: 81.15.Gh, 82.45.Mp, 73.40.Qv, 85.30.Tv DOI: 10.7498/aps.71.20212447
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