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|. Supplementary Notes

Supplementary Note 1: OHVPD growth mechanism.

To reveal the WSz growth mechanism with OHVPD, the W foils were heated in different
gas environments and characterized by X-ray Diffraction (XRD). Firstly, the W metal foil
was annealed at 1050°C, where the H20 was brought to the chamber with Ar purge (180
sccm) at atmospheric pressure. After cooling to room temperature, the XRD spectrum
was collected (Supplementary Figure 1a), and the XRD result displays both W peaks
and complex tungsten oxides (WOx) peaks which include WisO49 and tungstite
(WO2(OH)2). The oxidation reaction steps of W metal with moisture gas for the WS>

growth can be written as following?:

W(s) + H,0(g) = 2H,(g) + WO, (s) (1)
WO, (s) + H,0(g) = WO5(s) + H,(g) )
WO,(s) + 2H,0(g) — WO, (O0H),(g) + H;(g) ®3)
WO3(s) + H,0(g) — WO, (0H),(g) (4)

A separate and comparative experiment was performed to understand the role of H2 gas
in the reaction, where a W foil was annealed at the same temperature with an extra Hz
gas (10%), and the XRD result was in Supplementary Figure 1b. We note that the XRD
spectrum only exhibited pure W peaks, which proved that the H2 gas has an inhibition
effect for W-H20 reaction?. However, it is noteworthy that when the percentage of Hz is
low (e.g., 1% as shown in Supplementary Figure 2), the W metal turned black and was

covered with WO: after the annealing. Because the reaction (1) and (2) are reversible,



reducing hydrogen (or equivalently adding sulfur precursors) shall drive the reactions
toward the left, leading to the formation of tungsten-oxides like WO2, WO3, W180ag, Or
WO2(OH)2. Since WO2(OH)2is more volatile® and W1sOao is the most refractory tungsten
oxide?, the dominated species observed after the entire reaction should be W1sOag, as

shown in Supplementary Figure 1a.

Supplementary Note 2: PL and Raman mapping results.

To present the sample homogeneity, PL and Raman mapping of 2x2 mm? WS film were
performed as shown in Supplementary Figure 4. By using a 488 nm excitation laser, the
E>y and Ay Raman modes of WS: are easier to clarify during the mapping process. As

shown in Supplementary Figure 4b and c, the average intensity ratio of IEZg/IA1g is 0.7,

and the average frequencies difference between Ezy and Aig is 61.5 cm™ which
corresponds to WS2 monolayer thickness.* PL intensity and peak position mapping
images (Supplementary Figure 4d and e) show that the average emission peak position
of the film is around 620 nm (2 eV) with identical PL intensity. It is hard to avoid seeds
and multilayer growth in the large-scale deposition process (Supplementary Figure 4f),
so a small quantity of brighter or darker dots can be found in the mapping image. Similar
to other reports®, a higher density of multilayers and seeds would be found at the center
of the film compared to the edge. Further study is needed to decrease these seeds and

multilayers.



Supplementary Note 3: Discussion of OHVPD growth condition.
1. Temperature gradient of the substrate

Supplementary Figure 17a shows the temperature gradient of our single-heating zone

furnace when the heating temperature is set at 1050°C. The position marked as 0 cm

corresponds to the center of the furnace. The substrates were distanced from the center

by 9 to 14 cm (the temperature range is around 950-800°C). Supplementary Figure 17b

presents the typical PL peaks of OHVPD-WS: collected from different temperature
regions. It is evident that the PL peaks of WS: film had a redshift when the substrate was
put in a higher temperature region (region A). Given that very limited defective and doping
variations are concluded from the low-temperature PL and STM results, the possible
explanation is that the OHVPD-WS: film grown in a higher temperature zone contains
higher tensile strain, which results in a PL peak redshift. On the other hand, as concluded
in Supplementary Note 2, the temperature gradient does not lead to noticeable variation
in morphology and thickness of samples because the OHVPE method provides more

volatile W-OH reactants that are not hampered by large temperature drops.
2. Water concentration effect

We adopted a bubbler set up to introduce the water vapor into the growth chamber as
shown in Supplementary Figure 18a. During the experiment, we fixed the carrier gas
flow of Ar and adjusted the water temperature using a thermal bath to change the water
vapor concentration. By using Antoine equation’, the partial pressure of water (py, ) could
be estimated. Supplementary Figure 18b-d show the OHVPD-WS:2 growth results with
various py,o. High py,o (92.59 torr, 50°C) results in over oxidization during the reaction,

where excess oxides can be found on as-grown samples (Supplementary Figure 18b).



In contrast, low py,, (17.54 torr, 20°C) lead to a low deposition with small grains due to
scarcity of metal supply (Supplementary Figure 18c). The optimized water temperature

for WSz deposition is 35°C which provides py,, = 42.20 torr (Supplementary Figure

18d).
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Supplementary Figure 1. Reaction of W metals with H20 and/or H2 by XRD. (a) XRD
spectrum of the W metals annealed in the environment with H20. (b) XRD spectrum of
the W metals annealed in the environment with H20/Hz and only Ha.
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Supplementary Figure 2. Hydrogen effect investigation in the OHVPD process. XRD
spectrums were taken from the W metal after the reaction under different Hz2 gas
concentrations.
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Supplementary Figure 3. Kinetic simulation of sulfurization process. Scheme shows the
simulated kinetic energy barriers of sulfurization process for W-OH (a) and W-O (b) in
WS: crystal.
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Supplementary Figure 4. PL and Raman mapping of OHVPD-WS2 monolayer. Optical
image (a), Raman mapping results (b, c), and PL mapping results (d, €) of 2 x 2 mm?
OHVPD-WS: film. (f) Optical image shows small quantities of WS2 seeds and multilayers.
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Supplementary Figure 5. Photoluminescence comparison between CVD- and OHVPD-
WS:2 monolayers. (a), Typical PL spectra of OHVPD- and CVD- WSz monolayers taken
at room temperature. (b), Statistic results of PL peak energy and FWHM for OHVPD- and
CVD-WS:2 monolayers. For each case, we display a statistical summary of PL spectra for
at least 50 single crystal flakes from different growth batches.
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Supplementary Figure 7. STM/STS for sulfur vacancy. (a) Top: a schematic side view
of a sulfur vacancy structure. Bottom: an STM topographic image (V=1.1V, 1=40pA) of
sulfur vacancy point defect in CVD-WS2 samples. (b) dI/dV spectrums acquired at the
center of sulfur vacancy (red curve) and pristine WSz region (black curve), showing two
narrow unoccupied in-gap defect states below the CBM at the sulfur vacancy.
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Supplementary Figure 8. STM/STS for Os defect. (a) A schematic side view of oxygen
substituting sulfur (Os) in the top and bottom sulfur plane. (b) A typical STM image
(V=1.3V, 1=30pA) of as-grown monolayer WS2 with Os top and Os bottom defects. (c)
dl/dV spectrums recorded on Os top (green), Os bottom (red) defect, and pristine site
(black) as marked in (b). The Os defects show an equivalent bandgap to pristine WS2 and
a defect resonance deep inside the valence band, lacking of deep in-gap states.
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Supplementary Figure 9. STM/STS for negatively charged defect (NCD). (a) (b) Bias-
dependent STM images of the NCD, appearing as a large depression at positive sample
bias and a large protrusion at negative bias. (c) di/dV spectrums on an NCD (red) and the
pristine WSz (black), showing additional electronic resonances at negative sample bias.
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Supplementary Figure 10. Simulation of Os defect formation. (a) Formation energy of O
substituted by S (Os) versus the chemical potential of O for two different Os density.
Reaction pathway and kinetic energy barriers of the O2 dissociation and forming one Os
defect on the (b) pristine WS: crystal, (c) flipside near Os and (d) same side near Os.
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Supplementary Figure 11. Electrical performance of CVD-WS2 monolayers. (a) Four-
probe conductivity as a function of Vg for two cases of CVD-WS:2 monolayer device on
the 300nm SiOx substrate at different temperatures. (b) Electron field effect mobility of
the corresponding CVD-WS:2 samples.
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Supplementary Figure 12. Theoretical fitting of u-T characteristic for OHVPD- and CVD-
WS: devices under n= 4.3x10'2 cm2. The squares are the experimental results. Solid
lines are the best theoretical fitting as describe in the Method. The dashed lines are the
calculated Cl-dominated mobility.
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density. (References are listed in Supplementary Table 1)
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Supplementary Figure 17. Temperature and PL distributions. (a) Temperature profile of
our single-heating zone furnace. (Setting temperature is 1050°C) (b) PL spectrums of
OHVPD-WS: film from different regions.



Supplementary Figure 18. Water vapor supply influence. (a) Schematic illustration of
our bubbler set up for water vapor supply. Optical images of OHVPD-WS: growth results
under (b) high py,o (92.59 torr, 50°C), (c) low py,, (17.54 torr, 20°C), and (d) optimized
Pu,o (42.20 torr, 35°C).



lll.Supplementary Tables

Supplementary Table 1. Benchmarking FET performance of monolayer TMDCs.

Room
Nir Nci
Growth _ _ temperature
Channel method Electrode | Dielectric mobility (1012 | (10122 Ref.
cm?V-is] cm?) [ cm?)
113 4.5 0.84 12
Al203
101 4.0 0.88 12
MPS 125 5.4 0.89 12
ME-MoS» Ti/Pd HfO2
149 4.9 0.82 12
34 6.5 0.82 13
SiO2
81 5.1 0.71 13
62 4.8 0.54 14
1L- t-
MoS:2 BN/SiO2
62 472 | 0.54 14
q 96 4.6 0.34 14
MLG BN/SiO2
84 454 | 0.35 14
ME-MoS:2
72 5.2 0.58 14
SiO2
55 5.25 | 0.62 14
Ti/Pd SiO2 23 9.3 0.91 13
Cr/Au t-HfO2 66 10.4 | 1.57 15




- t-HfO- 48 - 2.5 16
- SiO- 20 - 1.5 16
MOCVD- Ti/Au SiO: 30 52 | 0.68 17
MoS2
MLG d- 65 4.2 0.4 18
BN/SiO2 ' '
65.3 65 | 0.74 19
CVD-MoS, SiO» 66.4 63 | 068 |
Au
4.03 - 22.3 21
t-Al203 24 13.4 | 1.82 22
SAMs-
CVD- Au SiO2 42.2 - 3.6 21
MoS2
SiO- 25 10.1 | 45 23
Ti/Pd 49 513 | 4.9 23
ME-WS> Al2O3
83 4.4 3.0 23
1L-WS: - SiO- 40 - 1.35 16
CVD- . our
WS, Al/Au SiO2 17 8.2 2.2 work
OHVPD- . our
WS, Al/Au SiO2 198 3.6 | 0.087 work
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