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1 AFM analysis

From AFM images of MoS, flakes acquired after the annealing process, we observed the forma-
tion of etch pits on the surfaces of few layer and bulk MoS,. In figure [I|we show the comparison
between some images belonging to the same MoS,; flakes, before and after annealing. Pits were
observed by various studies?™ and by our previous findings.® The pits shape is crucial for un-
derstanding their origin, as indicated by Yamamoto et al.l. In particular, triangular pits are
attributable to anisotropic oxidation phenomena, and their lateral size and depth can increase

with annealing time, evolving their shape and becoming hexagonal/circular pits.®’



Figure 1 As-exfoliated and annealed AFM images of few layer MoS, flakes on 270 nm SiO,/Si (100). (a)
as-exfoliated flakes. (b) same flakes from (a) after annealing in air at 250 °C for 1 hour. (c) as-exfoliated
flakes. (d) same flakes from (c) after annealing in air at 262.5 °C for 1 hour. (e) as-exfoliated flakes. (f)
same flakes from (e) after annealing in air at 275 °C for 1 hour.



The thickness measurements of single layer MoS, with AFM show a generalized thinning
of the flakes after the annealing process at any temperature. In table [1| we report the height
distances of the mono-layers from the substrate, before and after the annealing, and their height
differences. The decrease in the height measurements of the MoS, mono-layers is due to the
removal, because of the high temperatures, of any impurities, contaminants and organic residues
that may be present on the MoS, flakes deriving the production process.® Another explanation
is due to the evaporation of water which could be present both under the flakes, at the interface
between MoS, and the SiO,/Si substrate,” and above the flakes, in different quantities than that
present on the substrate due to the different hydrophilic and hydrophobic properties of the two
materials, MoS, and SiO,. In figure [2] we show that there is no correlation between the lowering

of the distance from the substrate due to annealing process and the annealing temperature.

Table 1 mono-layers MoS, distances from SiO,/Si substrate

Annealing Height Height Height
Temperature  Before Annealing After Annealing Difference
QY (nm) (nm) (nm)
200.0 4.0 1.9 2.1
212.5 3.8 2.5 1.3
225.0 4.2 2.6 1.6
237.5 2.9 1.8 1.1
250.0 2.9 2.0 0.9
262.5 3.6 1.4 2.2
275.0 3.1 1.3 1.8
287.5 3.6 1.4 2.2
300.0 3.7 2.4 1.3
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Figure 2 1L MoS; height differences after annealing processes. Height difference values from table
are plotted as functions of annealing temperature. The red line shows the linear fit of data points.

2 Power dependent PL analysis

In PL spectra of single-layer MoS, grown by Chemical Vapor Deposition (CVD) it seems to be
possible to detect a C type exciton related peak centred at ~ 700 nm, as evidenced by Kaplan
studies!®1, This C band is due to a bound exciton with a binding energy of ~ 55 meV, presum-
ably due to an unintentional impurity or a native point defect, as reported by Kaplan et al.1%. A
comparison between our and Kaplan PL spectra is shown in figure |3 The Kaplan PL spectrum

was digitalized from reference’” and normalized for comparison.
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Figure 3 Normalized PL spectra of MoS, mono-layers produced by mechanical exfoliation and CVD.
Normalized PL spectra of mechanical exfoliated MoS, mono-layer from our experiment (black line) and
normalized PL spectra of MoS, mono-layer grown by CVD form Kaplan et al.’%. Both samples have the
same SiO,/Si substrate and both spectra were acquired at room temperature with same excitation laser
wavelength A = 632.8 nm and comparable laser power range of 1 mW.

In PL spectra from mechanically/chemically exfoliated MoS, mono-layer like ours, this C

212516 and our previous

type exciton related peak does not seem to be present in various studies
findings.® The interpretation of the PL signal composed of A and C types excitons is also not in
agreement with our fit results. We tried to consider a PL spectral component around 700 nm
getting no improvements in terms of R? value. Furthermore we also exclude the possibility that
the A~ peak related to trion can be interpreted as C type exciton related peak, since the binding
energy of the C exciton (~ 55 meV1Y) are too high compared to the mean binding energy of A~

trion (~ 29 meV) obtained by our fit, which is in agreement our previous analysis."
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Figure 4 Continue
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Figure 5 Normalized PL spectra of 1L MoS, on 270 nm SiO,/Si (100) acquired at different laser powers
(1.00 mW (black line), 0.50 mW (red line), 0.25 mW (blue line), 0.10 mW (green line), 0.01 mW (violet
line)). PL spectra have been normalized to the maximum count measured at 1.00 mW laser power

1.88 (a) 1.88+ —m— Before annealing (b)
—e— After annealing
—ll— As-exfolated —
<y ~— —@-200.0°C annealed| >
> 1.86 —A—2125°C annealed| © 1.86 -
\(D, 225.0°C annealed t/
o 237.5°C annealed| @
9 -250.0°C annealed| &=
o o rsocomensd| 8
.0°C anneale i
o 1.84 1 —fe—287.5°C annealed| 1.84
% ~@-300.0°C annealed| "©
5 2
n & 182
1 1.821 82
o o
1 -80 T T T T 1 -80 T T T T T T
0.0 0.5 1.0 1.5 0.0 0.2 0.4 0.6 0.8 1.0
Power (mW) Power (mW)

Figure 6 PL peak positions as functions of laser power. (a) PL peak positions of annealed samples
(coloured) and mean PL peak position of as-exfoliated samples (black) are plotted as functions of laser
power. (b) Mean PL peak position of annealed samples from (a) and mean PL peak position of as-
exfoliated samples are plotted as functions of laser power.



Table 2 Mean position and mean FWHM of A? and A~ fitted peaks. PL spectra of annealed samples
have been fitted with two Lorentzian line shapes and the mean position and mean FWHM of A® and A~
fitted peaks at different laser powers are reported.

Power A° position A° FWHM A~ position A~ FWHM
(mW) (nm | eV) (nm) (nm | eV) (nm)
1.00 665.3|1.864 33 675.8 | 1.835 35
0.50 662.2(1.872 27  674.1|1.839 32
025 661.0(1.876 25  672.0|1.845 30
0.10 660.5|1.877 22 670.7 | 1.849 30
0.01 660.3]1.878 20 670.0 | 1.850 27

Table 3 Fit parameters of the normalized PL intensity yield power laws. Normalized PL yields as functions
of laser power were fitted with trial power function 1/l = aP?, where P is the excitation laser power. The
values of fit parameters are reported.

Annealing Temperature (°C) a b

200.0 1.00 +0.02 0.62 + 0.03

212.5 1.00 £ 0.01 0.89 +£0.01

225.0 1.00 £0.01 0.69 £ 0.01

237.5 1.00 £ 0.02 0.67 +£0.03

250.0 1.01 £ 0.01 0.54 +0.03

262.5 0.99 + 0.02 1.00 + 0.04

275.0 0.99 +£0.03 1.13 +0.06

287.5 1.00 + 0.01 0.80 + 0.02

300.0 1.01 +£0.01 0.54 + 0.03

Mean as-exfoliated 1.00 £ 0.01 0.77 £0.01
Mean after annealing 1.00 £ 0.02 0.76 + 0.03
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Figure 7 PL Intensity Ratio of annealed samples acquired at different laser powers are plotted as func-
tions of annealing temperature.
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Figure 8 Ratio of the PL intensities of the A’ and A~ fitted peaks of annealed samples PL spectra
acquired at different laser powers are plotted as functions of annealing temperature.
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shows a slight increase for high laser powers for annealed samples at temperatures greater than

1
From Figure H (a) the PL intensities ratio between A? and A~ fitted peaks (labelled as IA;O

IAO )
total
in Figure [9) (¢) and consequently a slight decrease for high laser powers is present in the PL

or equal to 225 °C. This behaviour is also found in the PL spectral weight of A? (labelled as

spectral weight of A~ (labelled as Ia-

) in FigureH (b). Therefore we quantified these increases

total

Lo Lo cq

IL and IL considering only the annealed samples at temperature greater than or equal
- total

to 225 °C. To compare the values belonging to different temperatures annealing processes we

of

normalized to the values acquired at maximum laser power and then averaged over the different
annealing temperatures. The results are shown in the figure These results suggest that the
PL intensities ratio between A” and A~ peaks and the PL spectral weights of A’ and A~ peaks are

slightly influenced by the excitation laser power.

20 @) | ©
- —8-200.0°C B T T
~@-2125°C
T T —#—2250°C I
15 3 —y-2375°C| _ B 1 1 1
. € ) ~0-2500°Cc| & »
= : F—4-2625°C = " bl g
_°< L ¥ 1. —p-2750°C X T S'f(

K *u: ~@-2875°C - :
~e—300.0 °C - :
10 . 1] L
L & * X 04 | T

03 - L
05 L1 . L ] L ] 1 ) I ) 1 03 L1 . 1 . 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 0.0 0.5 1.0
Power (mW) Power (mW) Power (mW)

Figure 9 (a) Ratios of the PL intensities of the A? and A~ fitted peaks of annealed samples are plotted
as functions of excitation laser power. (b) PL spectral weights of A~ fitted peak of annealed samples
are plotted as functions of excitation laser power. (c) PL spectral weights of A° fitted peak of annealed
samples are plotted as functions of excitation laser power.
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Figure 10 Normalized mean ratio of the PL intensities of the A and A~ fitted peaks (black) and normal-
ized mean PL intensity weight of A? fitted peak (red) are plotted as functions of laser power. They have

been normalized to the maximum respective values obtained at 1.00 mW laser power then they were
averaged over the annealing temperatures between 225 °C and 300 °C.

3 Resonant Raman Analysis

Table 4 Mean position and mean FWHM of Raman fitted peaks

Position Position FWMH FWMH
as-exfoliated after annealing as-exfoliated after annealing
(cm™') (cm™") (cm™") (cm™")
E’(M) 378 377 10 9
Eég 384 383 8 8
Alg 405 404 9 8
LA(~ K)+TA(~ K) 417 417 18 17
A (D) +E3, (1) 436 438 18 15
2LA(vHs) 446 449 13 13
2LA(~ K) 456 458 13 11
2LA(~ M) 466 466 12 10
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3.1 Oxygen adsorption evidences

We expect oxygen adsorption on the sulfur vacancies, generated due to the annealing processes.
In the resonant Raman spectra of the MoS, samples, both before and after the annealing pro-
cesses, there are no attributable peaks to chemical bonds between Mo and O, which would be a
direct confirmation of the occurred oxygen adsorption. In Figure [11{shows the RT resonant Ra-
man spectra acquired at 1.00 mW excitation laser power of a single-layer MoS, acquired before
and after annealing in air at 300 °C for one hour and, by comparison, in the inset the Raman
spectrum of MoOj3; powder taken from article’” and obtained in almost compatible experimental
conditions of our experiment (same excitation radiation A = 632.8 nm (E = 1.96 eV), back-
scattering configuration, RT and not very high laser power of 0.6 mW. In our previous work!®
MoO3 was found on the surface of MoS, samples through XPS spectroscopy and gas sensing
experiments but no peaks were detected in resonant Raman spectra of MoS,. The absence of
MoOj; detection peaks in Raman spectra of single-layer and few-layer MoS, samples is noted by
Kang et al.'?, after having detected the presence of MoOj3 through XPS spectroscopy on similarly
treated samples.1?20 This lack is justified by assuming that the structure of MoO3 on MoS; has a
slightly different symmetry than that of bulk MoO3 due to interactions between Mo and S atoms.

21523/ the Raman spectra of the single-layer and few-

Moreover, as reported by various studies,
layer MoS, are significantly amplified by the effect of the interference and multiple reflections of
the laser light that occurs in the layered structure MoS,/SiO,/Si. This amplification is lacking in
the case of MoOj if present in small non-layered structures such as those that are formed at the
sulphur vacancies on MoS,. We have reason to say that this is the reason why the MoO; Raman
peaks are not observed. However an indication of the occurred oxygen absorption comes from

1.13) the softening

the position of the Eég Raman peak of MoS,. Indeed, as reported by Bera et a
of the Eég Raman peak position, after the annealing (see table b , is due precisely to the oxygen

adsorption.
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Figure 11 MoS, and MoO; powder Raman spectra. Main panel, Raman spectra of 1L MoS; on 270 nm
Si0O,/Si (100), acquired at 1 mW laser power, in 140+1100 cm~! spectral region, as-exfoliated (black
line) and after annealing (red line) in air at 300 °C for 1 hour. In the inset, Raman spectrum of MoO;
powder from Windom et al.Z, three arrows in the main panel point to the peak positions of the most
intense MoOs spectral features at 285 cm~!, 820 cm~! and 995 cm~! assigned to (By, Bs,), (A, Big),
and (A, Bi;) modes respectively.
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