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ABSTRACT: Chalcogen vacancy defects in monolayer transition metal Dpefective Mos, Defective MoS,
dichalcogenides form in-gap states that can trap excitons, leading to 35 = SU:SWE‘? gfpiﬂg
O (ol ) i substrate
defect-mediated photoluminescence (PL) emission. Here, we show that X X 4 i e i i
room-temperature (RT, 300 K) PL from sulfur vacancies in defective R i B
q o 5 3 3 no substrate doping 2
monolayer MoS, is sensitive to doping from dielectric substrates such as =
. . . - |
SiO, and HfO,. The defect-mediated PL is observed for monolayer MoS, . = : oz
on untreated HfO, but is quenched on untreated SiO,, which is attributed ( )‘ :q X g £
g q q q W W M z
to electron doping of MoS, on SiO,. Electron doping of MoS, is eSS aE Goning
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confirmed by Raman and synchrotron X-ray photoelectron spectroscopy. T . T

. . . ; e 16 1.8 2.0
Annealing of the SiO, substrate modifies its surface states, which is Energy (V)
reflected in the recovery of the defect-mediated PL emission. The role of
substrate-induced doping on sulfur vacancy-mediated PL is further supported by gate-dependent PL measurements. Our results
suggest that excess electrons fill the defect energy states from sulfur vacancies in MoS,, reducing the probability of photoexcited
carrier occupation and subsequent defect-mediated emission.

Defects in two-dimensional (2D) transition metal dichalcoge- c-sapphire substrate can electron-dope MoS, and quench the
nides (TMDs) have properties that are useful for optoelec- defect PL emission at 10 K,*° consistent with previous reports
tronics," sensing,” and electro/photocatalysis.”* These proper- on the tunability of single-photon emission from atomic
ties are related to defect-induced in-gap states that modify the defects at 80 K through electrostatic gate control.”’ However,
electronic structure of the host crystal. The in-gap states can the effect of dielectric substrates on chalcogen vacancy defects
trap excitons and sgive rise to defect-mediated photo- and their PL emission at room temperature is not yet clear.
luminescence (PL)S' and even single-photon emission.””® Understanding these effects is critical, as they could
Defect-engineered TMDs, such as MoS, and WSe,, have significantly influence the performance of optoelectronic
shown the ability to host quantum emitters, but their operation devices. For instance, in light-emitting diodes (LEDs),
is currently limited to cryogenic temperatures, typically below chalcogen vacancies can influence emission characteristics,
150 K. This limitation highlights the need for further research while in photodetectors and solar cells, they can affect light

absorption and charge carrier dynamics, leading to tunable
emission wavelengths, enhancing light—matter interactions,
and optimizing charge carrier lifetimes at localized states. Such
insights would not only improve the reliability of single-photon
emitters and boost photovoltaic efficiency but also enable the

to improve the thermal stability and performance of defect-
related PL in TMDs, including defect engineering9 and
external environment (e.g., substrate) engineering. Compared
with defects in 3D semiconductors, defects in 2D semi-
conducting TMDs are subject to reduced dielectric screening ) X ; e
that leads to enhanced Coulombic interactions. As a result, design of optoelectronic devices with higher performance and

their electronic and optical properties are susceptible to greater energy efficiency.
- . To-12 1. . 13-l We recently reported room-temperature (RT, ~300 K) PL
external stimuli such as strain, dielectric screening,

and charge transfer.'®'” These effects often originate from the from sulfur vacancies that were generated by thermally

dielectric substrates on which monolayer TMDs are placed.

Although the effect of the substrate on the excitonic PL Received: December 16, 2024
emission from monolayer TMDs at ~1.9 eV is well studied,"® Revised:  April 2, 2025
how the properties of the substrate influence defect-mediated Accepted:  April 3, 2025

PL emission has not been well explored—partially because the Published: April 18, 2025

methods used to introduce defects to the TMDs can also
modify the underlying substrate.'” A recent study showed that
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Figure 1. Transfer of defective monolayer MoS, (Ar/H, annealed) onto untreated SiO, and HfO,, respectively. (a) Schematic of defective MoS,
transferred from the original SiO, substrate to other substrates. (b) Raman spectra of pristine and defective MoS, on original SiO,, normalized to

the intensity of the Si reference peak. Pristine MoS, shows the characteristic E'

2¢ in-plane mode and the A, out-of-plane mode, denoted in gray.

Defective MoS, shows an additional LO(M) phonon mode that is taken as a signature of sulfur vacancies, denoted in blue. (c) RT PL spectra of
pristine and defective MoS, on the original SiO,. Pristine MoS, shows the A™/A peak and the B exciton peak, while defective MoS, shows an
additional LX, emission that is mediated by sulfur vacancies. (d) Raman spectra of transferred defective monolayer MoS,, normalized to the
intensity of Si reference peak. The LO(M) mode remains in transferred samples, implying that the transferred samples remain defective. (e) PL
spectra of transferred defective monolayer MoS,. The LX}, peak is observed in defective MoS, on HfO,, but not on SiO,.

annealing monolayer MoS,.”* In this work, we investigate the
influence of various dielectric substrates on sulfur-vacancy-
mediated PL emission in monolayer MoS,. This defect-
mediated PL from defective MoS, was observed when it was
placed on untreated HfO,, but not on untreated SiO,. This is
attributed to the higher electron doping effect from SiO,. We
demonstrate modification of the surface states of dielectric
substrates by annealing using synchrotron X-ray absorption
spectroscopy (XAS) and water contact angle (WCA) measure-
ments. We find that annealing SiO, substrates leads to reduced
electron doping in MoS, so that defect-mediated PL can be
observed. In contrast, annealing the HfO, substrate leads to
enhanced electron doping and suppression of defect-mediated
PL at room temperature in MoS,. Our hypothesis is further
supported by gate-dependent PL measurements, which show
that defect-mediated PL emission is suppressed by electron
doping.

B RESULTS AND DISCUSSION

Monolayer MoS, samples on SiO, (300 nm)/Si wafers were
prepared by mechanical exfoliation and annealed in Ar/H, (95
vol %/5 vol %) at 600 °C for 30 min, as shown in Figure 1a,
left panel. Figure 1b shows the Raman spectrum of pristine
monolayer MoS, with the characteristic Elzg in-plane mode at
~385 cm™' and the Ay, out-of-plane mode at ~40S cm ™. The
PL spectrum in Figure lc shows a dominant A~ (negatively
charged exciton)/A (neutral exciton) PL peak at ~1.89 eV and
a B exciton peak at ~2.04 eV.>’ For the annealed samples, the
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generation of sulfur vacancy defects was confirmed by the
evolution of a satellite Raman peak [LO(M)] at ~380 cm™
(Figure 1b) and PL from sulfur vacancies (LXp) (Figure 1c)—
consistent with our recent work.”> The defective MoS, flake
was then picked up from the SiO, substrate upon which it was
annealed and transferred onto untreated SiO, and HfO,
(thickness ~ S0 nm) substrates (Figure la, right panel). The
untreated substrates refer to the substrates cleaned with
acetone and isopropanol only without further treatment. The
optimization of the transfer method is described in the
Supporting Information (SI), Figures S1—S3.

The Raman spectra of transferred defective MoS, show the
presence of the LO(M) defect mode on the two substrates
(untreated SiO, and HfO,), as shown in Figure 1d. The Elzg
mode remains at ~385 cm™ while the Aj; mode is hardened
on HfO, (Aw = +04 cm™'; @ is the wavenumber of the
Raman peak) than on SiO,, indicating that MoS, contains a
higher electron concentration (An = +1.2 X 10'* cm™; n is the
electron concentration) on SiO, than on HfO,.”* The higher
electron doping from SiO, than from HfO, is supported by
synchrotron XPS measurements (SI, Figure S4). Pristine MoS,
on SiO, shows the characteristic Mo 3d doublet at 230.4 eV
(Mo 3ds,,), 0.54 eV higher than that of pristine MoS, on
HfO,, implying that MoS, is less electron-doped by HfO,. The
LXp, peak in PL spectra (Figure le) however disappears when
defective MoS, is transferred to SiO, and is observed only
when defective MoS, is transferred to HfO,.

https://doi.org/10.1021/acs.jpcc.4c08491
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Figure 2. Transfer of defective monolayer MoS, onto untreated and Ar/H,-annealed SiO, (600 °C, 30 min). (a) PL spectra of transferred defective
monolayer MoS, on untreated and annealed SiO,. The LXj, peak is observed in defective MoS, on annealed SiO, but not on untreated SiO,. (b)
Ratio of integrated intensity of the A™ trion to the A exciton, I(A™)/I(A), for pristine and defective MoS, on untreated and annealed SiO,,
respectively. For both pristine and defective MoS,, the I(A™)/I(A) ratio is lower on annealed SiO, than that on untreated SiO,. (c) RT PL spectra
of the defective monolayer MoS, on HfO,. The defective MoS, shows strong LX}, emission on untreated HfO,, but not on annealed HfO,. (d) RT
Raman spectra of defective monolayer MoS, on HfO,. The red shift of the A, peak is attributed to stronger electron doping of MoS, on annealed

HfO,.

We have also examined the impact of dielectric screening in
comparing MoS, on untreated HfO, and SiO,. The dielectric
environment plays a crucial role in influencing both the
electronic bandgap and the exciton binding energy, which
collectively determine the optical bandgap. When comparing
HfO, to SiO,, the enhanced screening effect in HfO, is
expected to weaken electron—electron interactions, resulting in
a reduction of quasiparticle bandgap renormalization.”
Similarly, the electron—hole interactions are also reduced,
leading to a decrease in the exciton binding energy. The overall
shift in the PL depends on which of these two competing
effects dominates. In our observations, the excitonic PL
positions of MoS, on SiO, and HfO, show negligible
differences, suggesting that the two effects may effectively
cancel each other out—consistent with density functional
theory (DFT) calculations.”® Regarding defect-mediated PL,
deep defect states arising from sulfur vacancies are positioned
far from the band edges and are pinned below the conduction
band edge with a fixed energy gap, as indicated by DFT
calculations.”” This configuration reduces the binding energy
of excitons to the defect states, which is expected to enhance
the delocalization of trapped excitons and lead to a decrease in
defect-mediated PL intensity. However, our findings reveal an
opposite trend in that the defect-mediated PL intensity
increases in MoS, on HfO, compared to MoS, on SiO,,
indicating that other factors may be at play in this system.

To verify that the disappearance of the LXp, peak is related
to substrate effects from SiO, and not the transfer process, we
picked up defective MoS, from SiO, and transferred it onto
another SiO, substrate that was separately annealed at 600 °C
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in Ar/H,. The PL spectrum of defective MoS, shows a broad
LXp, peak (Figure 2a, red curve), suggesting that annealing of
SiO, is important in observing the LX}, peak in defective MoS,.
We prepared three samples per set to confirm our
observations, as shown in SI, Figure SS. To compare the
MoS, on untreated SiO, and on annealed SiO,, we analyzed
the PL spectra to extract the ratio of the integrated intensity of
A” trion to A exciton, I(A7)/I(A) (SI, Figure S6).28 The
I(A7)/I(A) ratio in defective MoS, on untreated SiO, (3.22) is
higher than that on annealed SiO, (1.54), indicating that
doping from annealed SiO, is suppressed. Similarly, pristine
MoS, shows a higher I(A7)/I(A) ratio on untreated SiO,
(0.44) than that on annealed SiO, (0.35). In pristine MoS,
(Figure 2b), the I(A7)/I(A) ratio is much lower than in the
defective MoS, samples, because the presence of sulfur
vacancies introduces free electrons in the MoS,.

We next analyze the effect of the HfO, substrate on LX PL
emission from defective MoS, where we observe an opposite
trend compared to that of MoS, on SiO,. The LXj, peak can be
observed when defective MoS, is transferred on untreated
HfO,. However, the LX|, peak disappears when the same
defective flake is transferred onto a HfO, substrate that is
preannealed in Ar/H, (600 °C, 30 min) (Figure 2c). A
comparison of the Raman spectra of defective MoS, on both
substrates shows that the A}, mode is softened (Aw = —0.6
cm™') for annealed HfO,, indicating that MoS, is more
electron-doped by annealed HfO, than that by untreated HfO,
(Figure 2d). The enhanced electron doping from annealed
HfO, indicated by our results is similar to the doping from the
annealed AlO, substrate in a previous work.”” These results

https://doi.org/10.1021/acs.jpcc.4c08491
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suggest that the annealing process to generate sulfur vacancies
in MoS, also affects the surface states of the dielectric
substrates, which determines the effective electron doping
across the MoS,/dielectric interface.

We have probed the change in dielectric surface states using
WCA and XAS (S, Figures S7 and S8). Briefly, we find that
the WCA increases in annealed SiO, relative to untreated
Si0,—suggesting transformation of hydrophilic silanol (Si—
OH) to hydrophobic siloxane (Si—O—Si) groups that suppress
electron transfer to MoS, (SI, Figure S7).”" This indicates that
the origin of this electron doping from SiO, can be attributed
to three possible mechanisms: (a) Lone-pair electrons on
oxygen. The oxygen atom in a hydroxyl group has two lone
pairs of electrons in the outer shell. These lone pairs are not
involved in bonding and are relatively high in energy, making
them available for donation. When MoS, is placed on a
hydroxyl-terminated SiO, surface, the lone pairs on the oxygen
atoms can interact with the conduction band of MoS,,
effectively donating electrons and causing n-type doping. (b)
Surface dipole moment. Hydroxyl groups create a local dipole
moment due to the electronegativity difference between
oxygen and hydrogen. The oxygen atom has a partially
negative charge, while the hydrogen atom has a partially
positive charge. This dipole moment can induce an electric
field at the interface between SiO, and MoS,, facilitating
electron transfer from the SiO, surface to the MoS, layer. (c)
Surface states. Hydroxyl groups may introduce surface states
within the bandgap of SiO,. These states can act as electron
donors if they are energetically aligned with the conduction
band of MoS,. Conversely, annealing the SiO, substrate at 600
°C in Ar/H, may remove these groups and lower the doping
effect. In contrast, the WCA in HfO, decreases significantly
after annealing. We attribute this behavior to the amorphous-
to-polycrystalline phase transition in annealing HfO,, as
indicated by XAS spectra and X-ray diffraction patterns (SI,
Figures S8 and $9).*"** The crystallization of HfO, at high
temperatures is often accompanied by the generation of
oxygen vacancies that could act as electron donors, altering the
surface chemistry and leading to the observed changes in
properties.33

Directly annealing monolayer MoS, on HfO, induces a
similar suppression of the LXp, emission at RT (Figure S10).
To confirm the suppression of LX emission on annealed
HfO,, the PL spectrum of MoS, on HfO, was measured as a
function of temperature ranging from 300 to 10 K (Figure 3a).
Even at 10 K, the A™/A peak dominates over the B exciton
peak (both are red-shifted by ~5S meV) and no LXj, emission
was observed. The PL spectra were also measured as a function
of the excitation power (Figure 3b). The A7/A peak remains
the dominant peak for laser fluence ranging from 0.01 to 1.8 X
10° W cm ™2 The intensity of the A™/A peak exhibits a linear
dependence on excitation laser fluence (Ip; Lg*) with power
exponent k = 0.96 (Figure 3c), suggesting that the A™/A peak
is excitonic emission that is typically associated with k = ~1.**

To study the PL properties of MoS, without the influence of
the substrate, we placed MoS, on hBN. hBN is atomically flat
and has low density of charged impurities.”” PL spectra of
MoS, annealed on hBN (thickness ~ 27 nm) at 10 K are
shown in Figure 4. The optical microscopy image in Figure 4a
shows that MoS, is partially located on HfO, and hBN. In
Figure 4b, the PL intensity maps of the A™/A peak and LX
peaks measured at 10 K are shown, respectively. The A™/A
emission was observed in both MoS, on hBN and MoS, on

8297

pubs.acs.org/JPCC Article
(a) (b)
MoS, annealed on HfO, 300K MoS, annealed on HfO, 10K
1 AIA 2 | wem? (x10%) A-IA
280K S|—18 —04
g|—14 —02
250 K 8|—12 —o0.1
>|—1 0.04
220K @1 —08 0.01
2 0.6
£
= 160 K o,
= o
c
2 120 K
£ T T T
8 1.6 1.8 20
2 90 K Energy (eV)
Z 5
g 60 K (c) MoS, annealed on HfO,
3 e * A/A k=0.96 e
' c ¥
30K 3 i
2 .
S 34 2
> .
2 e
5 r
Annealed HfO, T o
01— . : 01 ,
16 1.8 2.0 0 1x10° 2x10°
Energy (eV) Incident Power Density (Wcm?)

Figure 3. PL characterizations for MoS, annealed on HfO,. (a)
Temperature-dependent PL spectra measured at temperatures ranging
from 300 to 10 K. (b) 10 K power-dependent PL spectra measured at
laser fluence ranging from 0.01 to 1.8 X 10° W cm™ (c) Power-
dependent PL intensity plot of the A™/A peak measured at 10 K,
showing linear dependence (power exponent k of 0.96) that
corresponds to excitonic transition.
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Figure 4. Intensity maps of A"/A and LXp emission in Ar/H,
annealed (600 °C, 30 min) monolayer MoS, on hBN and MoS, on
HfO,. (a) Optical microscopy images of MoS, on hBN and MoS, on
HfO,. (b) Corresponding A™/A and LX|, intensity maps measured at
10 K. A™/A emission is distributed across MoS, on hBN and MoS, on
HfO, [left panel in (b)], whereas LX}, emission is only observed in
MoS, on hBN [right panel in (b)]. PL from two points is extracted
from regions indicated by red and green stars in (a). (c) 10 K PL
spectra, showing the LXp, peak in MoS, on hBN but not in MoS, on
HfO,.

HfO,, whereas LX, emission was only observed on MoS, on
hBN. Furthermore, the spectrum from MoS, on hBN
(indicated by the red star) and another spectrum from MoS,
on HfO, (green star) were extracted. The LX[, peak is clearly
visible for MoS, on the hBN region but is suppressed in MoS,
on the HfO, region (Figure 4c). This result indicates that
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Figure S. (a) Proposed schematic energy band diagram of defective monolayer MoS, with different doping levels. The horizontal dashed lines
represent virtual Fermi levels, while the horizontal solid line represents real energy states due to defects. An electron is photoexcited from the
valence band to the conduction band (denoted by the green arrow), relaxed to the conduction band edge (denoted by the black arrow), and then
relaxed to the in-gap defect state (denoted by the yellow arrow). The localized electron at the defect state can be relaxed to the valence band edge
and recombine with a hole, releasing a LXp, photon (denoted by the red arrow). The yellow arrow represents the trapping of excitons at in-gap
states. For n-typed MoS, (ii), the Fermi level is higher with more valence electrons filling the in-gap states compared with undoped MoS, (i), thus
suppressing the trapping of photoexcited electrons and reducing the defect-mediated radiative recombination. Gate dependence of the RT LXp,
emission. (b) Schematic of MoS, FET and gate tuning of PL in defective monolayer MoS,. (c) RT PL spectra of defective monolayer MoS, at
different gate voltages (V). (d) Integrated intensity of A exciton, A trion, and LXy, peak, and their total contribution. (e) Relative intensity of
trions, I(A7)/I(A), and the integrated RT PL intensity ratio of LX|, emission to the sum of A exciton and A~ trion emission, I(LXp)/[I(A) +
I(A7)], at different V,. At negative V, (hole doping), the LXj, emission becomes relatively stronger, while at positive V, (electron doping), the LXy,
emission becomes relatively weaker.

annealed hBN does not electronically dope MoS,—even after and suppressing defect-mediated emission. While the prepon-
annealing. derance of evidence suggests doping for suppression of the
The above results indicate that the LXp emission is LXp peak, other possibilities could also explain our observed
suppressed in strongly electron-doped MoS,. A simple energy results. For example, an alternative explanation for the
band diagram of defective monolayer MoS, with different disappearance of LXp, in electron-donating substrates (as-
doping levels is shown in Figure Sa. In Figure Sa(i) for the prepared SiO, and annealed HfO,) is the short lifetime of free
undoped MoS, case, the Fermi level remains at midgap so that excitons due to rapid Auger recombination and/or the
excited electrons can relax down to the unoccupied defect formation of free trions. That is, excitons annihilate before
states of sulfur vacancies to form LX|, excitons, which can in they have time to relax to the LX, state. The occupation of the
turn radiatively recombine to emit the defect-mediated PL. In defect level may not be a necessary condition to prevent
contrast, for the defective MoS,, electron doping from radiative recombination at LX,, because a defect-trapped
substrate can occupy the sulfur vacancy states—shifting the electron can still, in principle, radiatively recombine with a hole
Fermi level closer to the conduction band and the energy of in the valence band. We note that this model is developed
the defect states (Figure 5a(ii)).*® The occupation of the based on the low laser fluence <17 X 10* W cm™2 under which
defect energy levels prevents relaxation of the excited electron the photodoping effect could be negligible. The effect of
to the defect state—preventing the formation of LX}, excitons doping from the substrate is similar to electrostatic doping via
8298 https://doi.org/10.1021/acs.jpcc.4c08491
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electrical gating—as previously reported by several groups.”**”

To demonstrate the relevance of gate-modulated doping for
defect-mediated PL emission, we fabricated field-effect
transistors (FETs) using defective monolayer MoS, as the
channel on 300 nm SiO,/Si (see the schematic in Figure Sb).
It can be seen that A”/A decreases with increasing gate bias
due to nonradiative recombination induced by the formation
of trions, as observed previously by others.’® Here, we also find
that LX, emission also decreases when the channel is n-doped
due to filling of defect states (Figure 5c).”® Deconvoluting the
spectra reveals a monotonic decrease in the integrated
intensities of the A exciton and LXj peaks, whereas an
increase in the A~ trion peak intensity is observed (Figure 5d).
The I(A7)/I(A) ratio varied from 0.96 at V, = —30 V (hole
doping) to 3.44 at +60 V (electron doping)f8 The integrated
PL intensity ratio of LX, emission to the sum of A exciton and
A~ trion emission, I(LXp)/[I(A)+I(A7)], is inversely propor-
tional to the I(A™)/I(A) ratio, confirming that electron doping
reduces the defect-mediated emission LX, (Figure Se).

B CONCLUSIONS

We have shown that sulfur-vacancy-mediated PL emission
from MoS, depends on the electron doping level in MoS,. At
higher doping levels, the in-gap defect states induced by sulfur
vacancies are occupied by electrons, which reduces the PL
emission from localized excitons. The choice of a suitable
dielectric substrate is therefore essential for observation of
robust LXp emission. Our results suggest that MoS,
experiences more electron doping from the SiO, substrate as
compared to HfO,. The electron doping from the dielectric
substrates originates from the presence of surface states that
can be modified during the defect generation process. Our
results provide useful considerations for building optoelec-
tronic and sensing devices based on localized excitons in 2D
TMDs.

B EXPERIMENTAL METHODS

Sample Preparation. Monolayer MoS, was mechanically
exfoliated from commercial bulk crystal purchased from 2D
Semiconductor using a polydimethylsiloxane (PDMS)-assisted
exfoliation method. Target MoS, flakes were dry-transferred
onto target substrate (SiO, or HfO,) and put in a 1 in. tube
furnace. The samples were flowed with 450 sccm of N,
(99.9999% purity) for 10 min to remove tube oxygen and
then heated to 250 °C for 1 h under 100 sccm of N, to clean
contaminants. hBN was directly mechanically exfoliated from
commercial bulk crystal purchased from HQ Graphene onto
target substrates.

Ar/H, Annealing of MoS,. Samples were flowed with 450
sccm Ar/H, (95 vol %/5 vol %) for 10 min to remove tube
oxygen and heated to 200 °C under 70 sccm Ar/H, for 10 min
to remove tube moisture. Then, samples were heated to 600
°C and kept at that temperature for 30 min.

ALD Growth of HfO,. The 50 nm HfO, films were grown
on doped silicon substrates by using thermal ALD in a Veeco
Fiji G2 reactor. A metal alkylamide hafnium precursor tetrakis
(dimethyl amido)hafnium (TDMAH) was used as the Hf
source, and deionized water was the oxygen source. The
reaction has been reported as follows:* Hf[(CH,),N], +
2H,0 — HfO, + 4HN(CH;),. The TMDAH precursor was
heated to 75 °C during the growth. The films were grown at a
substrate temperature of 200 °C. At this temperature, the
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growth rate was estimated to be 1.2 A/cycle. TDMAH and
H,O precursors were pulsed/purged per cycle for 0.25 s/10 s
and 0.06 s/10 s, respectively. 60 sccm Ar was used as the
carrier gas.

PC-Assisted Wet-Transfer Method. PC stamps were
used to assist the transfer (SI, Figure S1). PC dissolved in
chloroform was first drop-cast on the annealed sample to form
a uniform film ®. A PDMS stamp was stacked on a glass slide
and attached to the transfer stage with PDMS stamp face-down
®. The PDMS stamp was brought in contact with the PC
stamp to form a firm stack ®. The PDMS/PC stack was raised
to pick up the target flake from substrate 1 @. The detached
substrate 1 was replaced by another substrate 2 ®. The
PDMS/PC stack was aligned and brought in contact with
substrate 2 and heated to 180 °C for 1 min to melt PC and
weaken the adhesion between PDMS and PC ®. The PDMS
stamp was raised to detach from PC, depositing the target flake
on substrate 2 @. The sample was immersed in chloroform for
10 min to dissolve the melted PC stamp ®, leaving the target
flake on substrate 2 ®.

Post Annealing of Transferred MoS, in Ar/H,.
Transferred samples were flowed with 450 scem Ar/H,
(95%:5%) for 10 min to remove tube oxygen and heated to
350 °C under 100 sccm Ar/H, and kept for 1 h to clean PC
residues.

Measurement.

e Optical images of samples were taken on a Nikon
Eclipsec LVISON optical microscope.

RT Raman and steady-state PL spectra were collected
on a Renishaw inVia confocal microscope using 532 nm
laser excitation. Gate-dependent PL spectra were
conducted at RT on a Horiba LabRAM 800HR confocal
microscope connected to a Keithley 2400 source meter
with 514 nm laser excitation. The incident fluence is
kept below <17 X 10* W cm™ to ensure minimal
sample heating.

Cryogenic PL spectra, PL mapping, and time-resolved
PL measurements were measured on a Kymera
spectrometer and Janis (ST-500) cryostat with a
closed-cycle helium refrigerator. Continuous-wave 474
nm laser and pulsed 405 nm laser were used as
excitations for PL spectra/mapping and time-resolved
PL measurements, respectively. Long-pass filters and
tunable bandpass filters were used to select the peaks
during the time-resolved PL measurements.

Contact angle was measured on FTA1000B dynamic
contact angle analyzer.

XAS measurements were performed at 106 beamline at
Diamond Light Source, UK. The samples were
measured at ~107° mbar. XPS measurements were
performed at 109 beamline. The beam size was around
1S pm by 35 pm. The core level spectra of MoS, were
acquired at photon energy of 1 keV. Samples were
heated at 80 °C under 1077 mbar for 1 h to remove
physisorbed species prior to loading into a measurement
chamber (107!° mbar). The Fermi level was calibrated
by using a clean Au foil in contact with the sample
holder. The spectral resolution was determined by
measuring and fitting the Fermi edge of a Au foil with a
Gaussian broadened Fermi—Dirac distribution and was
determined to be 0.21 eV.
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e XRD was measured on a Bruker D8 Advance powder X-
ray diffractometer using Cu Ka radiation, equipped with
automatic divergence slits and a LynxEye-XE position
sensitive detector.
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