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Chemical passivation of 2D transition metal
dichalcogenides: strategies, mechanisms, and

prospects for optoelectronic applications
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The interest in obtaining high-quality monolayer transition metal dichalcogenides (TMDs) for opto-

electronic device applications has been growing dramatically. However, the prevalence of defects and

unwanted doping in these materials remain challenges, as they both limit optical properties and device

performance. Surface chemical treatments of monolayer TMDs have been effective in improving their

photoluminescence yield and charge transport properties. In this scenario, a systematic understanding of
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1. Introduction

Since the successful exfoliation of monolayer graphene,
research attention on various 2D materials has grown
significantly." Among 2D materials, transition metal dichal-
cogenides (TMDs), with the chemical structure MX, (M = Mo,
W; X = S, Se, Te), have been of great interest for optoelectronic
applications due to their electronic and optical properties such
as direct bandgaps, strong light-matter interactions, mechani-
cal flexibility, and chemical and thermal stability to highlight
611 Many proof-of-concept 2D TMD-based optoelectronic
devices have been demonstrated.”'*™*® However, in general,
monolayer TMDs are imperfect and often contain various
intrinsic and extrinsic defects.'® Despite the remarkable poten-
tial of TMDs and the progress towards various optoelectronic
applications, many challenges in improving their intrinsic
qualities and limiting performance losses due to trion for-
mation and defects persist.

In contrast to bulk TMD materials, excitons (electron-hole
pairs) are strongly confined to the monolayer plane and also
experience reduced screening due to the change in the dielec-
tric environment.>® A strong Coulomb interaction results in
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the underlying mechanism of chemical treatments will lead to a rational design of passivation strategies in
future research, ultimately taking a step toward practical optoelectronic applications. We will therefore
describe in this mini-review the strategies, progress, mechanisms, and prospects of chemical treatments
to passivate and improve the optoelectronic properties of TMDs.

tightly bound excitons with binding energies of several
hundred meV, which dominate the optical and charge trans-
port properties of 2D TMDs.*'** Quasiparticles, the so-called
trions, formed by excitons and induced free charges through
defects or adsorbates, have also been identified even at room
temperature due to their strong electrostatic interactions and
exhibit binding energies of tens of meV.>* Background carrier
concentrations can therefore play an important role in the
recombination pathways and affect the optical and electronic
properties of 2D TMDs. Additionally, oxygen and other adsor-
bates can alter the properties or degrade the qualities of 2D
TMDs.>>?® Substrate-supported TMD monolayers also suffer
from strain variations introduced by the roughness of sub-
strates, which modifies their electronic properties.”” More
importantly, due to their reduced dimensionality, 2D TMDs
are predisposed to form atomic defects, such as vacancies,
self-interstitials, grain boundaries, etc.'®?®> The electrons
and holes in TMDs can be trapped in defect-resulting poten-
tials, leading to localized excitons and non-radiative recombi-
nation pathways, which strongly influences the optical and
electronic properties of TMDs.*>7*

To this end, extensive efforts have been devoted to exploring
approaches for preparing and improving the quality of semi-
conducting 2D TMD materials. The fact that 2D materials are
essentially all surfaces provides a unique opportunity for con-
trolling and tuning their optical and electronic properties. 2D
TMD layers are extremely sensitive to all influences of the sur-
rounding environment, and their properties can therefore be
easily modified by external variables. Substrate engineering

This journal is © The Royal Society of Chemistry 2024
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like using a thin flake of hexagonal boron nitride (h-BN) as an
interfacial layer reduces the structural damage and the associ-
ated interface states, which leads to cleaner optical and elec-
tronic properties.*>” Strain engineering has also emerged as
a powerful strategy for tuning the optical bandgaps of TMD
materials.*®?° Phase engineering has been employed to
enhance the electronic properties of TMDs.***' Additionally,
the surface chemical strategy, a versatile and non-destructive
method, is one of the most effective approaches to tailor the
properties of 2D TMD materials for practical device appli-
cations.*> Compared to other approaches, chemical treatments
are advantageous as they can be made compatible with other
processing steps required for scaling-up device fabrication.
However, designing treatments compatible with industry-scale
device processing will require a precise understanding of the
mechanisms behind known chemical treatments. Thus,
setting up rational selection rules for chemicals to increase the
potential of 2D TMDs in practical optoelectronic applications
is of crucial importance. Previous review articles have dis-
cussed tuning optoelectronic properties by strain or substrate
engineering and the observed effects of various chemical
treatments.*>”*> However, to the best of our knowledge, no
reviews addressed both the effects and mechanisms behind
these effects of surface chemical treatments on 2D TMDs. To
this end, this mini-review focuses on the recent efforts using
various surface chemical treatments to achieve high quality
optoelectronic applications, paying particular focus on the
mechanisms behind such treatments.

In this mini-review, we start with an overview of the major
studies over the past few years on chemical treatments that
improve the semiconducting quality of 2D transition metal dis-
ulfides (TMDSs) including MoS, and WS, (Section 2). More
specifically, Section 2.1 covers the characterization approaches
of TMDs utilizing photoluminescence (PL) and electron mobi-
lity as the main quality indicators, as well as discrepancies
among the reports in the literature, and Section 2.2 discusses
the mechanisms of each chemical treatment including
different proposed mechanisms. Given that the understanding
of how several chemical treatments work has evolved over the
past few years, we think the discussion of discrepancies
between different works is important to clarify the chemical
selection rules and guide the further design of chemical treat-
ment strategies for defect passivation and property control. In
Section 3, we will then turn our focus to the major studies and
accompanying mechanisms of chemical treatments improving
the quality of MoSe, and WSe,. In recent years, there have also
been numerous studies on the preparation of high-quality 2D
MoTe,, and it was theoretically predicted that Te vacancies can
open a bandgap, which could be tuned by lattice strain or
external forces.*®*” However, little research has been done up
to this point on chemical treatments of MoTe,, thus discus-
sions of MoTe, and WTe, are not included in this mini-
review.”® Finally, we present our concluding remarks including
issues addressed by chemical treatments, challenges facing
the chemical treatment strategy development, and an outlook
of future research directions in this area.

This journal is © The Royal Society of Chemistry 2024
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2. Chemical passivation of MoS, and
WS,

The intrinsic doping of transition metal disulfides (TMDSs)
may lead to the formation of positively or negatively charged
excitons (trions) that redshift and broaden the PL spectra.
Control of the carrier density is effective to modulate the
optical properties of monolayer TMDs induced by the many-
body bound effect.

Defects attenuate properties and device performance. In
light-harvesting devices, defects can be detrimental if they
assist carrier recombination and reduce mean free paths of
carriers, consequently diminishing device performance. The
predominant defect species and their percentages in 2D TMD
monolayers synthesized via different methods or via mechani-
cally exfoliated (ME) from bulk crystals will be different, and
hence lead to different chemical treatment requirements. This
might also be one of the factors that has caused discrepancy
between the mechanisms disclosed in different studies. A
large concentration of defects in ME MoS, monolayers
observed in transmission electron microscopy (TEM) and scan-
ning tunneling microscopy (STM) was thought to be sulfur
vacancies (SVs) that possess the lowest formation energy, and
in contrast to atom dislocations observed at the grain bound-
aries in chemical vapor deposition (CVD)-grown MoS,.*™"
Hong et al. reported that antisite defects with Mo replacing the
S atom are dominant point defects in physical vapour depo-
sition (PVD)-grown ML MoS,, while SVs are predominant in
ME and CVD-grown samples.*® The defect density in the CVD-
grown ML WS, interior is reported to be ~0.33 nm~> through
atomically resolved scanning electron microscopy by Terrones
and co-workers in 2017, which is four orders of magnitude
higher than in mechanically exfoliated WS,.>* In addition, the
density of sulfur vacancies near the edges is around three
times higher than in the interior in the CVD-grown WS,.
Similar defect distribution in monolayer CVD-grown MoS, was
reported by Schuck and co-workers.>® On the other hand, Su
et al. showed CVD-grown rhombic monolayer MoS, with PL
intensity eight times stronger than CVD-grown triangular
samples, indicating a low density of defects in rhombic mono-
layer MoS,. This was attributed to SV passivation by oxygen
atoms which is predicted through density functional theory
(DFT) simulations to remove in-gap states.”* Moreover, there is
still debate on the origin of defects existing in TMDs. A pre-
vious study has shown that oxygen substitutions can be the
dominant defects instead of sulfur vacancies and that differen-
tiating between them is not possible using high-resolution
TEM alone.> Therefore, we have carefully included synthesis
methods of TMDs for different chemical passivation studies.

2.1 Characterization

2.1.1 Photoluminescence enhancement. The PL intensity
or photoluminescence quantum yield (PLQY) serves as a
quality indicator of 2D TMDs for optoelectronic applications
as it is sensitive to many-body effects, defects, and sub-
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bandgap states.’®® The structures of reported chemicals
which led to PL enhancements are summarized in Fig. 1.
Matsuda and co-workers reported the exciton PL enhancement
of mechanically exfoliated (ME) MoS, by drop-casting p-type
chemical dopants 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (FATCNQ) and 7,7,8,8-tetracyanoquinodinmethane
(TCNQ).>*®° Su et al. showed substantial PL intensity enhance-
ment of ME monolayer MoS, through the physisorption of
H,0, as a p-dopant.®! Tongay et al. reported over 100 times
improvement in the PL intensity of ME monolayer MoS, by
physical adsorption of electronegative molecules like O, and
H,0.%? The authors also illustrated that the charge transfer
from MoS, to O, reduced the original sheet carrier density of
MoS, as much as 0.5 nm~> assuming that one O, molecule
was physisorbed on each unit cell of MoS, via DFT calcu-
lations. Similar results were obtained by Peimyoo et al
through drop-casting FATCNQ and H,0 on ME monolayer WS,
and by Nan et al. through high-temperature annealing ME
monolayer MoS, due to O, bonding (Fig. 2a-d).*>** As shown
in Fig. 3, the reduction redox of these molecules lies below the
conduction band minima (CBM) of MoS, and WS,, so charges
can be depleted from intrinsically n-doped MoS, and WS,. The
p-doping effect was evidenced by the blue-shifted PL spectra, a
more positive threshold voltage of back-gated TMD FETs, and
a red-shifted out-of-plane vibration (A;;) peak in Raman
spectra.®*®* Sun et al. reported higher PL intensity in CVD-
grown MoS, monolayers as compared to ME MoS, monolayers,
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Fig. 1 Structures of chemicals used in previous studies for the PL
enhancement of 2D TMDs. This figure has been adapted from ref. 94
with permission from Spring Nature, copyright 2021.
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which was attributed to the high p-doping effect of adsorbates
in air.®® Similarly, Xu et al. observed that the PL intensity of
thermal vapor sulfurized (TVS) monolayer MoS, synthesized in
a vacuum was significantly attenuated relative to TVS mono-
layer MoS, synthesized in air and proposed that the higher PL
intensity of MoS, in air was facilitated by molecular adsorption
(O,, Ny, etc.) on SVs.*®

In 2015, Javey and co-workers demonstrated a near-unity
PLQY with no change in the overall spectral shape for ME
MoS, monolayers on oxide substrates through a chemical treat-
ment by the nonoxidizing organic superacid bis-(trifluoro-
methane)sulfonimide (H-TFSI).®” They also observed that the
PL lifetime of MoS, was lengthened from roughly 250 ps to 10
ns after the H-TFSI treatment. Later on, Javey and co-workers
reported an encapsulation approach with an amorphous fluor-
opolymer CYTOP and a subsequent H-TFSI treatment, which
yielded a near-unity PLQY in both ME MoS, and WS, mono-
layers with excellent stability against post-processing.’® They
proposed that the strong protonating nature of the superacid
removed the contaminants on the surface and suppressed
defect-mediated nonradiative recombination in the mono-
layers. Goodman et al. reported that the deep trapped dark
exciton states which were associated with native structural
defects were responsible for the long PL lifetime of H-TFSI-
treated MoS,, and the H-TFSI treatment reduced nonradiative
recombination through these states.®® The exact mechanism of
H-TFSI treatment is, however, not fully understood, which has
been investigated by a few research groups. This will be further
discussed in detail in Section 2.2.

In 2017, Atallah et al. reported that charged defects in CVD-
grown MoS, monolayers could be electrostatically passivated
by ionic liquids (ILs) with a grounded metal contact, leading
to up to two orders of magnitude increase in the PL yield.”®
Similarly, Park et al. showed PL enhancement and defect passi-
vation of CVD-grown ML MoS, with a ML of titanyl phthalo-
cyanine (TiOPc).”!  Poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS) was reported to passivate the
SVs in CVD-grown MoS, by a sulfur adatom cluster through a
hydrogenation process confirmed by the high-angle annular-
dark-field (HAADF) scanning transmission electron
microscopy (STEM) images (Fig. 2e-h) and X-ray photoelectron
spectroscopy (XPS) measurements.”” In that study, a high-per-
formance lateral monolayer MoS, homojunction with an excel-
lent photoresponsivity of ~308 mA W' and outstanding air
stability after two months was achieved employing that strat-
egy. In that study, the electron concentration of MoS, after the
treatment decreased by 643 times, and led to a work function
increase of ~150 meV and an enhanced PL intensity. Jin and
co-workers demonstrated the passivation of SVs in both CVD-
grown and ME MoS, monolayers via various thiol molecules,
which led to an enhanced PL intensity.”> The authors used
thiol molecules with F-containing ligands as markers, and the
functionalized products were characterized with XPS and
Fourier transform infrared (FTIR) spectroscopy (Fig. 2i and j).
The reported mechanism of this chemical treatment is dis-
cussed in Section 2.2.2. Yao et al. immersed a CVD-grown WS,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Summary of varied techniques employed to illustrate the chemical treatment mechanisms. DFT simulation on the adsorption of O, on the
2D MoS; surface. Relaxed configuration and charge density difference of an O, molecule physisorbed on perfect monolayer MoS, (a and c) and che-
misorbed on defective monolayer MoS, containing a monosulfur vacancy (b and d). The positive and negative charges are shown in red and blue,
respectively. Reproduced from ref. 64 with permission from American Chemical Society, copyright 2014. (e—h) PSS-induced SVSH mechanism sup-
ported by HAADF STEM images. HAADF images obtained before (e) and after (f) PSS-induced SVSH, together with the Z-contrast mapping obtained
before (g) and after (h) PSS-induced SVSH in the areas marked with yellow rectangles, revealing that the SVs (1S) are healed spontaneously by the
sulfur adatom clusters on the MoS; surface through a PSS-induced hydrogenation process. The cyan and yellow dots indicate the Mo and S atoms,
respectively. Scale bar, 1 nm. Adopted from ref. 72 with permission from Springer Nature, copyright 2017. (i and j) Functionalization of the CVD-
grown MoS, monolayer with thiol molecules supported by FTIR measurement. (i) Typical optical microscopy image of CVD-grown MoS, monolayers
on a sapphire substrate. (j) FTIR spectra of 4-fluorobenzyl mercaptan-functionalized MoS, MLs (red) in comparison with those of the free 4-fluoro-
benzyl mercaptan ligand (black). Reproduced from ref. 73 with permission from American Chemical Society, copyright 2014. (k and ) High-resolu-
tion XPS spectra of CVD-grown WS,. (k) XPS spectra of S 2p and () XPS spectra of W 4f before and after chemical treatment with Na,S solution
(0.05 M). Reproduced from ref. 74 with permission from the Royal Society of Chemistry, copyright 2018. (m and n) Defect passivation of ME MoS,
supported by optical spectroscopy techniques. (m) Pump—probe spectra of MoS, untreated (top), H-TFSI-treated (middle), and thiol + H-TFSI-
treated (bottom) MoS,. H-TFSI treatment results in a prominent sub-gap bleach associated with sulfur vacancy defects. The inset shows the normal-
ized kinetics taken at the A exciton bleach (light green) and defect peak (dark green) in the TFSI-treated sample, illustrating the transfer from the
band edge to the sub-gap defect state. (n) PL emission with sub-gap excitation of H-TFSI-treated MoS, occurs at the same energy as PL emitted by
the above-bandgap excitation of H-TFSI-treated MoS,. Reproduced from ref. 83 with permission from American Chemical Society, copyright 2021,
licensed under CC-BY 4.0. (0) Chemical adsorption supported by Raman measurements. Raman spectra of untreated, H-TFSI-treated, and Li-TFSI-
treated monolayer MoS,. The decomposed Lorentzian peak fitting of each spectrum is presented as a short, dashed line and the cumulative fitting is
presented as a solid line. The positions of A;g and 2LA modes of untreated MoS; and the A,, mode of MoS, with an adatom (Li, for example) are illus-
trated in each spectrum with a short black dashed line for direct comparison. The value of each peak position is also stated in the spectra.
Reproduced from ref. 94 with permission from Springer Nature, copyright 2021. (p—t) Schematics of the device and the gate dependence of photo-
luminescence in MoS;. (p) Schematic showing control of different quasiparticles by the gate voltage V; and generation rate G. (q) PL spectra of the
MoS; monolayer device under gate voltages of Vg = —20 and 0 V at a generation rate of G = 10'® cm~2 571, Inset: normalized PL spectra. (r) Top-view
optical micrograph of a MoS, device. (s and t) PL images of the device at (r) V5 = 0 V and (s) V4 = —20 V. Reproduced from ref. 103 with permission
from AAAS, copyright 2019. (u) *H NMR (400 MHz, CDsOD) spectra of pure 1-octanethiol after heating 1-octanethiol in CDsOD under reflux (in air)
for 24 h and a 1-octanethiol/exfoliated 2H-MoS, reaction mixture (in air) after 4 h, 6 h, and 24 h (from top to bottom). Highlighted triplet reso-
nances: 1-octanethiol, § = 2.49 ppm, red dot; dioctyl disulfide, 5§ = 2.68 ppm, blue dot. Other signals are associated with either 1-octanethiol or the
disulfide derivative thereof. Reproduced from ref. 113 with permission from American Chemical Society, copyright 2018. (v) Higher-resolution STM
image displaying the incorporation of O atoms (bright spots) into S vacancies (dark triangles). Inset: simulated STM image based on DFT calculations
of an O-saturated S vacancy site in the 2D MoS, crystals. Reproduced from ref. 118 with permission from Springer Nature, copyright 2018. (w)
2D-PAINT image acquired using fluorescent probes consisting of a fluorophore head, dsDNA of 70 bp as a linker molecule, and a thiol tail (FAM-
dsDNA70bp-SH). The zoomed-in image reveals a high density of binding on MoS,. Reproduced from ref. 115 with permission from American
Chemical Society, copyright 2021, licensed under CC-BY-NC-ND 4.0.
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Fig. 3 Calculated band alignment of MoS,, WS,, MoSe,, WSe,, MoTe,,
and WTe, along with electrochemical redox potentials of the p-dopants
from the literature. This figure has been adapted from ref. 42 with per-
mission from the Royal Society of Chemistry, copyright 2018.

monolayer into sodium sulfide (Na,S) solution and achieved
enhanced PL emission with WO;_, defect passivation validated
by XPS measurements (Fig. 2k and 1).”* In their study, the
inhomogeneous PL emission in the inner and edge regions of
the pristine WS, monolayer was attributed to the different
charge populations and defect states across the monolayer
area, which was clarified by the STEM images showing both
SVs and W vacancies. The authors also observed a redshift of
the PL spectra of ML WS, after the Na,S treatment, which was
due to the increased formation of trions and biexcitons evi-
denced by steady-state low temperature and laser power-depen-
dent PL measurements.”? Recently, Zhang and co-workers
reported that the PLQY of MoS, quantum sheets produced by
silica-assisted ball milling (BE) and sonication-assisted solvent
exfoliation was enhanced to 18.5% via a heat treatment
method based on the polar solvent tetrahydrofuran (THF).”
They showed increased radiative relaxation by time-resolved PL
(TRPL) measurements and their XPS and high resolution
transmission electron microscopy (HRTEM) results suggested
that S and Mo formed an oxidized state and the passivation/
deformation was from the edge inwards.

2.1.2 Mobility improvement. Mobility serves as another
quality indicator of 2D TMDs for optoelectronic applications,
which is sensitive to charged impurities, traps, and structural
defects both inside the material and at the dielectric interface
due to their atomic thickness. Interface engineering like the
use of crystalline h-BN and thiol-terminated SiO, substrates
was found to effectively improve the device mobility by sup-
pressing the extrinsic scattering process and modifying the
properties of TMDs.”®”” N-doping like using hydrazine on the
surface of MoS, flakes to increase the density of carriers also
led to an increased mobility of TMDs.”® Radisavljevic et al. rea-
lized a mobility of ~200 cm® V™' s7' in an FET with an ME
MoS, monolayer as a conductive channel and HfO, as a gate
insulator.”® In 2014, Yu et al. reported a high mobility >80 cm?
V™' s7' in a backgated (3-mercaptopropyl)trimethoxysilane
(MPS)-treated ME MoS, FET at room temperature with SV pas-
sivation, revealing the potential of chemical treatments for
achieving intrinsic charge transport of 2D TMDs.®° The mecha-
nism of MPS treatment is addressed in Section 2.2.2 together
with other defect passivation approaches. In 2017, Neupane

9732 | Nanoscale, 2024,16, 9728-9741
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et al. demonstrated a carrier mobility increase of both ME and
CVD-grown TMDS monolayer-based FETs via methanol treat-
ment.?! They observed a concomitant enhancement in the PL
spectral weights of trions, a redshift of the Raman A;; mode,
and upshifted peaks in the XPS spectra of TMD monolayers
after the methanol treatment, which confirmed the n-doping
effect. The authors also proposed that methanol contributed
to the reduction of defects in TMD materials validated by the
increased exciton absorption peaks and prolonged fluo-
rescence lifetime of TMD monolayers after the methanol
treatment.®’

In 2019, Rao and co-workers reported a greatly enhanced PL
intensity of ME WS, monolayers via oleic acid (OA, shown in
Fig. 1) treatment comparable to that of H-TFSI-treated mono-
layers, and simultaneously improved the mobility in WS,-
based FET devices due to defect passivation.’” Later, they
reported a generalizable SV passivation protocol using a passi-
vating agent (thiol, thiophene, or sulfide, Fig. 1), followed by
the H-TFSI treatment. This two-step chemical treatment simul-
taneously achieved improved mobility and an increase in the
PL intensity of both MoS, and WS, monolayers.®* The detailed
mechanism of this chemical treatment is discussed together
with the H-TFSI treatment in Section 2.2.1. In 2021, Samori
and co-workers used n-conjugated dithiolated molecules to
bridge adjacent MS, flakes produced by liquid exfoliation.
This led to an enhanced field-effect mobility (~10> cm?® V*
s and Ion/Ior (~10%), along with the fastest switching time
(~18 ms), showing the importance of chemical treatment for
the development of high-performance and printed electronics
based on solution-processed TMDs.?*%°

2.1.3 Discrepancy. Even though defect passivation in 2D
TMDSs was often correlated with PL enhancement as stated in
Section 2.1.1, there were also chemical treatments reported
that led to defect passivation without PL enhancement.
Nguyen et al. investigated the effect of chemical treatments on
the electronic structure of liquid phase exfoliated (LPE) MoS,
nanosheets via a series of thiols. The studied chemicals were
thiols with aromatic rings of different electron-withdrawing
capabilities and alkylthiols with different chain lengths. The
authors observed redshifted PL spectra after chemical treat-
ments without significant changes in decay kinetics and attrib-
uted these phenomena to the formation of shallow trap states
upon functionalization through the defect sites of Mo0S,.%® In
their report, the successful thiolation on the surface of MoS,,
resulting in cathodic valence and conduction band edge shifts
of ~500 meV, was confirmed by both ATR-IR and XPS measure-
ments. Pierucci et al. reported that the incorporation of atomic
hydrogen in the CVD-grown MoS, monolayer could saturate
the SVs forming Mo-H bonds and preserve the well-defined
electronic structure of the MoS, monolayer evidenced by high-
resolution XPS measurements and DFT calculations.®”
However, they observed a decrease in PL intensity after hydro-
genation which was explained by the suppression of PL origi-
nated by defects from MoS,. The varied impact on the PL
intensity of TMDs caused by different defect passivation
chemicals could also be ascribed to the opposite (n vs. p)
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doping effect of the chemicals. Jung and co-workers reported
the SV passivation on ME 4-layer MoS, with two thiol mole-
cules: mercaptoethylamine with lone electron pairs served as
an n-dopant leading to a decrease in the PL intensity of MoS,
after the treatment, while 1H,1H,2H,2H-perfluorodecanethiol
caused a p-doping effect and resulted in an enhancement in
the PL intensity of MoS, after the treatment.®® Moreover,
Amsterdam et al. illustrated that the deposition of metal-
lophthalocyanines (MPcs) on ME monolayer MoS, quenched
the low-temperature defect PL, with the quenching efficiency
decreasing in the order CoPc > CuPc > ZnPc.*® The authors
observed partial PL quenching of the MoS, A-exciton peak
after MPcs deposition, which was ascribed to the mutual
charge transfer via the formation of a type 1I heterojunction.

2.2  Mechanisms of chemical treatments

2.2.1 Mechanisms of chemical treatments without defect
passivation. P-type doping is the most common mechanism of
chemical treatments presented since monolayer MoS, and WS,
are intrinsically n-doped. Trions emit at longer wavelengths
with an emission efficiency much lower than that of neutral
excitons.®® The charge transfer between the dopant and the 2D
TMD material modulates the Fermi levels of the TMDs and
results in the modification of the optical and electronic pro-
perties of TMD monolayers.”® For 2D TMDSs, P-doping pro-
motes the emission of neutral excitons over trions, leading to
an enhancement and blueshift in PL, while the defect states
and basic electronic structures of the TMD material remain
unaltered. The chemical structures of p-dopants reported and
their electrochemical redox potentials, as well as the calculated
band alignment of 2D TMDs, are summarized in Fig. 1 and 2,
respectively. Zhang et al. investigated the doping effect on ME
MoS,, WS,, MoSe,, and WSe, monolayers with “Magic Blue”
[N(CeH,-p-Br);]SbCls as the p-dopant, and achieved PL
enhancement for all four TMD materials.”® The extent of the
doping level was modified by varying the concentration of
dopant solutions and treatment time, and the authors con-
firmed the doping effect by transistor measurements and PL,
Raman, and XPS spectroscopy. Birmingham et al. reported the
effect of dopant phases (liquid or gaseous) on the PL intensity
of the CVD-grown MoS, monolayer via in situ Raman micro-
spectroscopy and concluded that the liquid dopant contribu-
ted to lower charge transfer efficiency.”” Wang et al. revealed
that the effect of p-type doping on 2D TMDs not only
depended on the chemical potential difference between the
dopants and TMD materials, but also on the thermodynamic
stability of physisorption by means of temperature-dependent
PL measurements, gate-induced PL measurements and DFT
calculations.”® Rao and co-workers compared the effect of
various chemical treatments including a series of ionic chemi-
cals, H-TFSI, and small molecule p-dopants on the optical pro-
perties of monolayer TMDSs and demonstrated that ionic salts
like Li-TFSI, which are compatible with a range of green sol-
vents, enhanced the PL intensity of both ME MoS, and WS,
monolayers to a level double that of H-TFSI treatment.®* The
authors revealed that both cations and counter anions play
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important roles in enhancing the PL intensity of TMDSs. The
cations must be stably adsorbed on the TMDS surfaces and the
counter anions should be non-coordinating with strong elec-
tron-withdrawing groups. Their conclusions were supported by
the appearance of the A,, mode in Raman spectra (Fig. 20),
cation adsorption via DFT simulation, and TRPL and PL
diffusion measurements.”® Recently, Zhou and co-workers
demonstrated a universal p-type doping with Lewis acid SnCl,
via Sn*" ion exchange for TMDs, which is also proved by DFT
calculations.”

Cation intercalation has been proposed as another mecha-
nism of chemical treatments. The intercalated cations can
result in p-type doping to the monolayer TMDs and reduce the
substrate influence simultaneously. In 2017, Yu et al. demon-
strated that the PL of the CVD as-grown and transferred WS,
monolayer was enhanced due to the intercalation of small
cations (H" and Li") between the monolayers and underlying
substrates, which was achieved by simply immersing substrate-
supported monolayers into a certain chemical solution.’® The
intercalation was evidenced by an increase in the atomic force
microscopy (AFM)-measured height of the as-grown mono-
layers after the chemical treatment. Through a series of steady-
state PL measurements, they also concluded that intercalation
was less likely to occur in TMD monolayers that interacted
with substrates more strongly, like for the as-grown mono-
layers or monolayers on 2D material substrates (h-BN, for
example).

The mechanism of H-TFSI treatment is a topic of specific
focus since this chemical treatment has received the most
attention in the past few years following the report of Javey and
co-workers. In 2017, Kim and co-workers found that the
H-TFSI treatment had a minimal effect on the inner region of
triangular CVD-grown WS, monolayers, whereas the PL of WS,
in the edge regions was enhanced up to 25 times.®” They con-
cluded that H-TFSI p-doped the sample, and reduced defects
which they assumed were distributed unequally throughout
the sample, thus leading to spatially heterogeneous effects.
Subsequently, Kim and co-workers reported that SVs in CVD-
grown MoS, were directly repaired by the extrinsic sulfur
atoms produced from the dissociation of H-TFSI, evidenced
through a correlative combination of optical characterization,
atomic-scale STEM, and DFT calculations.”® The detailed
mechanism of the H-TFSI treatment proposed by the authors
is shown in Fig. 4a, where the H-TFSI molecule initially
released SO,, after which a SV was passivated, resulting in the
dissociation of an O, molecule from the SO, after SV passiva-
tion. The authors also observed that the PL peak position of
MoS, blueshifted by ~5 nm and the A;; Raman mode blue-
shifted by 0.6 cm™" after the H-TFSI treatment, suggesting a
p-type doping effect. On the other hand, Kiriya et al. compared
the effect of H-TFSI treatments in various solvents on the PL
intensity of the ME MoS, monolayer with H,SO, and Li,SO, in
water and concluded that the proton is a key factor in enhan-
cing the PL intensity of MoS,.” Relatedly, Lu et al. reported
that the effectiveness of H-TFSI depended critically on the
charge state and protons donated by H-TFSL'*® According to
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Fig. 4 Reported mechanisms behind H-TFSI and H,O treatments for
monolayer MoS, defect passivation. (a) Illustration of the reaction
between H-TFSI and monolayer MoS, through the SV sites. (b)
Illustration of the interaction between H-TFSI and monolayer MoS;
through the SV sites. (c) Illustration of photon-mediated passivation with
a H,O molecule on the surface of MoS,. Adapted from ref. 121 with per-
mission from American Chemical Society, copyright 2019.

their DFT simulations, three H atoms symmetrically adsorbed
around the SV site in its —1 charge state, which could remove
all gap states (Fig. 4b). Schwermann et al. revealed through
first-principles calculations that H-TFSI transferred oxygen to
the surface of monolayer MoS,, yielding a defect-free electronic
band structure like that of pristine MoS,.'" The authors also
pointed out that there were similar reactions with H,O,, O,,
and H,S0, (but not H,0) treatments, which was supported by
simulations and steady-state PL measurements. Molas et al.
observed that the H-TFSI treatment resulted in progressive
quenching of defect-related emission in ME MoS, monolayers
at low temperatures, again concluding the defect-passivating
effect of H-TFSI treatment."**

Countering the growing body of claims that H-TFSI passi-
vates defects through some mechanisms, in 2019, Javey and
co-workers showed a near-unity PL QY of pristine ME MoS,
and WS, monolayers through electrostatic doping and revealed
that the underlying mechanism of the H-TFSI treatment is
p-type doping without defect passivation further justified by
the TRPL measurements, where the H-TFSI treatment led to
similar decay kinetics compared to electrostatic doping
(Fig. 2p-t).'®® Their work implied that all neutral excitons in
2D TMDSs radiatively recombined even in the presence of
native defects. On the other hand, Pain and co-workers
reported the PL enhancement of 2D TMDSs with superacid
analogues and pointed out that acidity and the inclusion of
sulfur and oxygen from H-TFSI did not necessarily play roles
in defect passivation.'®® Rao and co-workers observed a much
longer PL lifetime (1-20 ns) upon H-TFSI treatment compared
to the ME pristine MoS, monolayer which fell below the instru-
ment response of 100 ps, indicating a trap-mediated exciton
recombination process after the H-TFSI treatment.®? In
addition, the authors experimentally observed sub-gap trap
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sites (originating from SVs) in H-TFSI-treated MoS,, which
appeared as a positive feature at 730 nm in ultrafast pump-
probe spectra. This sub-gap defect bleach grew simultaneously
with the initial A exciton decay, confirming a transfer in popu-
lation from the A excitons to the defect states. They also
reported a decrease in carrier mobility by over two orders of
magnitude in H-TFSI-treated FETs compared to untreated
devices. The authors concluded that even though H-TFSI treat-
ment increased the PLQY, the SVs were still present and sig-
nificantly limited the quality of the TMD material. In addition,
they have conducted a two-step chemical treatment, a passivat-
ing agent (thiol, thiophene, or sulfide) followed by the H-TFSI
treatment, which achieved an enhanced PL intensity and shor-
tened emission lifetime compared to the H-TFSI-treated-only
sample.®® In contrast to the H-TFSI-only treatment, the sub-
gap bleach was greatly reduced in the two-step treatment,
suggesting the passivation of SV sites (Fig. 2m and n). The
understanding of the mechanism behind H-TFSI treatment is
then the key to further designing chemical treatments to passi-
vate the defects of 2D TMDs.

2.2.2 Mechanisms of chemical treatments with defect pas-
sivation. Defect passivation is defined as a process that
removes the defect states from the energy gap between the
valence and conduction bands without shifting the Fermi
energy (Er) into either band. At the time of writing this review,
more investigations are required to identify the exact mecha-
nism by which structural defects are repaired in TMD
materials, as multiple proposals currently have been put
forward in the literature. A few groups reported that SVs in
MoS, and WS, monolayers were chemically acting as catalytic
sites for hydrodesulfurization reactions and, therefore, could
be passivated. This was proposed as the sulfur vacancy self-
healing (SVSH) mechanism."®>'% Yu et al. reported the reac-
tion kinetics between the MPS molecule and MoS, simulated
with DFT calculations.®® As shown in Fig. 5a, the MPS mole-
cule was chemically absorbed on the SV site of the MoS,
surface by cleaving the S-H bond. It formed a thiolate inter-
mediate and the dissociated H atom bonded to a neighboring
S atom. Then the S-C bond cleaved and formed the final
product, trimethoxy( propyl)silane, after hydrogenation. The S-
C bond in MPS was found to be weaker than other alkylthiol
molecules due to the acidic nature of CH3-O- groups which
led to a low energy barrier for the reaction. In addition, the
authors proposed that the (CH;0);-Si- groups reacted with the
SiO, substrate to form a self-assembled monolayer which pas-
sivated the MoS,/SiO, interface. A similar mechanism was
reported by Zhang et al. where the electrically neutral S
adatoms filled the SVs of the CVD-grown MoS, monolayer
through a poly(4-styrenesulfonate) (PSS)-induced hydrogen-
ation process in a mildly acidic PEDOT:PSS environment.”*"%”
This finding was supported by both STEM and XPS measure-
ments which showed that the contribution of the intrinsic
MoS, species in the XPS spectra increased after the treatment.

The SV passivation with thiol chemistry has also been
explored by multiple groups, yet both the resulting products
and reaction mechanisms remain controversial. One reported

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematics of the reaction kinetics that have been reported for
passivating the SVs. (a) Reaction between the MPS molecules and
monolayer MoS, through the sulfur vacancy self-healing (SVSH) mecha-
nism. (b) Reaction between various thiol molecules and monolayer MoS,
through the functionalization mechanism. (c) Reaction between the
thiol molecule and monolayer MoS, through the dimerization mecha-
nism. (d) Interaction between the TiOPc molecule and monolayer MoS,
through the physisorption mechanism.

mechanism of SV passivation is that thiol molecules conju-
gated to the TMD surface with the S-H bond cleaved rather
than physisorption or chemisorption, as illustrated in
Fig. 5b.738%1087110 Thig was proposed as the functionalization
mechanism and was often visualized by FTIR measurements
in which the S-H band from thiol molecules was found at
2563 cm™', but absent after conjugation with MoS,. Similarly,
Cho et al. reported that alkanethiol molecules passivated the
SVs through chemisorption at the SV sites of few-layer MoS,,
evidenced by a shift of the characteristic peak position in XPS
after the treatment.'*' On the other hand, McDonald and co-
workers proposed that TMDs facilitated the oxidation of
organic thiols to disulfides, which were physisorbed on the 2D
TMD surfaces through electrostatic interactions, rather than
coordinate at SVs."'> This was proposed as the dimerization
mechanism. The disulfide products were evidenced by diffuse
reflectance infrared Fourier transform (DRIFT) measurements.
In this scenario, thiols initially donated a hydrogen atom to
the TMD. The formed thiyl radicals yielded disulfides and the
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H[MoS,] released hydrogen gas. The proposed mechanism is
illustrated in Fig. 5c. Subsequently, McDonald and co-workers
quantitatively monitored the consumption of 1-octanethiol in
the presence of liquid exfoliated MoS, nanosheets using 'H
nuclear magnetic resonance (NMR) spectroscopy and further
confirmed the dimerization mechanism they proposed pre-
viously where MosS, facilitated the oxidation of thiols to disul-
fides (Fig. 2u)."™® In 2017, Wang and co-workers investigated
the reaction mechanisms between the defective MoS, mono-
layer and thiol molecules employing potential energy surface
calculations and kinetic studies."'* They concluded that the
reactions were dominated by two competing mechanisms,
dimerization or SVSH, and the dominant pathway was largely
determined by the polarization of thiol molecules and the
temperature. It is also worth noting that the authors predicted
that the Mo-H bond was formed in the dimerization mecha-
nism which is different from the other report about the same
mechanism.'**''* In 2021, Zhang et al. directly monitored the
interaction between the fluorescent thiol and SVs in a metal-
organic chemical vapor deposition (MOCVD)-grown MosS,
monolayer via 2D point accumulation for imaging in a nano-
scale topography (PAINT) strategy (Fig. 2w) and revealed a
hydroxide-assisted transition from the reversible interaction
(physisorption) to covalent binding by deprotonation of the
thiol while increasing the pH.""®

The SVs could also be passivated by the formation of a van
der Waals interface, proposed as a physisorption mechanism
like the use of ML TiOPc on the MoS, surface.”* Park et al.
revealed a van der Waals interaction via scanning tunneling
microscopy (STM) and DFT modeling, in which a negative
charge transfer from MoS, to TiOPc removes defect states.”" As
illustrated in Fig. 5d, it was hypothesized that a thermally
stable TiOPc ML was formed on the MoS, surface, which did
not induce physical reconstructions of defects. Similarly, Ahn
et al. reported that MPcs passivated SVs in ME MoS,, evi-
denced by the weakened PL peak at 1.79 eV (associated with
excitons bound to defects) after the treatment in low-tempera-
ture PL measurements.'*®**”

Besides organic thiol molecules and MPcs, there were other
approaches reported for passivating defects in 2D TMDSs.
Tapaszt6 and co-workers reported that the defects in MoS,
resulted from O, oxidation, where O, spontaneously incorpor-
ated into the basal plane of monolayer MoS, during ambient
exposure (Fig. 2v). The substitutional oxidation of MoS, could
be fully recovered to pristine via annealing the oxygen-substi-
tuted MoS, under a H,S atmosphere at 200 °C, which was evi-
denced by STM images and DFT calculations.’*® On the other
hand, there were a few research groups that reported that the
chemisorption of O, could passivate the SVs of TMDSs and
result in a defect-free electronic band structure similar to that
of perfect monolayer TMDSs.®*!°1119120 Givaram et al. pro-
posed that H,O could passivate SVs in the CVD-grown MoS,,
but the reaction required photo-generated excitons to over-
come a large absorption barrier (Fig. 4c)."*" The H,0 molecule
was physisorbed on the surface of MoS, using an empty anti-
bonding orbital, then the exciton-mediated dissociation of
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H,O resulted in the O atom bonded to the SV with a valency of
—2, and the H, molecule desorbed from the MoS, surface.

3. Chemical passivation of MoSe,
and WSe,

3.1 Characterization

To date, few general chemical treatments enhance the quality
of both sulfur-based and selenide-based 2D TMD materials,
which can be attributed to their different intrinsic doping
levels and defects.®"°! For instance, 2D WSe, is known to be a
p-type semiconductor while MoSe, is known to be an n-type
semiconductor due to its intrinsic defects.'**'** In 2016, Javey
and co-workers reported the effects of H-TFSI treatments on
the PLQY of MoS,, WS,, MoSe,, and WSe,, and suggested that
only the defects in sulfur-based 2D TMD materials were amen-

Fig. 6 Illustration of the chemical reaction on the surface of MoSe,
during the HBr treatment. This figure has been adapted from ref. 127
with permission from American Chemical Society, copyright 2015.
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able to the H-TFSI treatment.'** Later, they reported that ME
MoS, and WSe, monolayers were hardly doped, and the
electrostatic doping was, therefore, not able to enhance their
emission.'” This work bore some differences from a related
study by Yu et al., who reported a PL increase of the CVD as-
grown WSe, and MoSe, monolayers after the H-TFSI treat-
ment.’® On the other hand, Ahn et al reported that both
n-type dopant zinc phthalocyanine (ZnPc) and p-type dopant
zinc hexadecafluoro phthalocyanine (Fi6ZnPc) resulted in
quenching of PL from CVD-grown few-layer MoSe,."'® In 2021,
Rao and co-workers demonstrated that the OA treatment on
ME MoSe, monolayers enhanced the PL yield of MoSe, by an
average of 58-fold, while also improving the spectral uniform-
ity of brightness and reducing the emission linewidth.'*® The
authors revealed trap-free neutral exciton movement in OA-
treated MoSe, monolayers evidenced by steady-state excitation
intensity-dependent PL and TRPL studies and thus postulated
that the defect passivation scheme of the OA treatment was
related to selenium vacancy passivation through oleate coordi-
nation to Mo dangling bonds without distinguishable struc-
tural changes. Recently, Deng and co-workers reported MoSe,
monolayers with lateral size >1 mm with a uniformly high
PLQY using 1-dodecanol encapsulation, which both passivated
the chalcogen vacancies and suppressed substrate quenching
of the excitons."*®

Table 1 Summary of the reported literature data (main text) for the effect of chemical treatments on the PL of TMDs

Untreated Treated
Exfoliation/
Material synthesis PL peak QY PL lifetime PL peak PL lifetime
(monolayer) method (eV) (%) (ns) Chemical treatment (ev) I QY (%) (ns) Ref.
MoS, ME 1.85 — — FATCNQ 1.88 10 — — 59 and 60
1.87 — — H,0, 1.89 27.4 12 — 61
1.84 — — 0,, H,O (after annealing) 1.88 100 — — 62
1.79 — — O, (after annealing) 1.83 30 — — 64
1.88 1 0.3 H-TFSI 1.88 190 95 10.8 67
1.88 0.1-1 — CYTOP + H-TFSI 1.88 >100 55-100 15 68
1.88 — <0.1 Thiols + H-TFSI 1.88 275 — 2.5 83
1.86 — — MB 1.88 2 — — 91
1.87 — <0.1 Li-TFSI 1.88 50 — 0.32 94
~1.89 — — H,SO0,/H,0, ~1.91 20 — — 101
CVD 1.89 — — IL 1.89 100 — — 70
1.84 — — TiOPc 1.85 3 — — 71
1.86 — — PEDOT:PSS 1.88 2 — — 72
1.87 — 0.11 Methanol 1.86 2.2 — 0.15 81
~1.85 — — H-TFSI/Li-TFSI ~1.91 >80 — — 96
1.89 0.1 — H-TFSI 1.90 10 1.5-15 — 98
1.85 — — H,O0 + hv 1.85 200 — — 121
CVD/ME ~1.81 — — Thiols ~1.82 ~2 — — 73
BE + LPE — <1 6.08 THF + heating ~2.66 64 18.5 4.67 75
WS, ME 1.96 — — FATCNQ 2.02 3 — — 63
2.01 — 0.06 OA 2.02 40 — 0.25 82
CVD 2.01 — Na,S 1.96 25 — — 74
~1.88 — — H-TFSI/Li-TFSI ~2.0 >60 — — 96
1.94 — — H-TFSI 2.01 25 — — 97
MoSe, CVD ~1.57 — — H-TFSI/Li-TFSI ~1.58 >10 — — 96
1.53 — — HBr 1.55 30 — — 127
1.53 2.5 0.48 Ethanol 1.55 3.5 16 1.67 132
ME 1.56 — 1.07 OA 1.58 61 — 3.3 125
WSe, CVD 1.56 1 1 Acetone 1.65 ~15 60 4.1 131

“PL intensity enhancement factor (times).
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3.2 Mechanisms of chemical passivation

Han et al. reported that the HBr treatment enhanced the PL
intensity of CVD-grown monolayer MoSe, more than 30 times
through p-doping and defect healing."” The p-doping effect
was validated by the intensity increase and frequency upshift
of A;; mode in Raman spectroscopy. Undesired oxidized Se**
and bridging Se,*~ defects were removed, which was visualized
by the peak shift and full width at half-maximum (FWHM)
decrease of Mo™) 3d, as well as the elemental ratio increase of
the anion to Mo in XPS spectra. The possible mechanism of
HBr treatment proposed by the authors is illustrated in Fig. 6.

A few other molecules and treatment protocols have also
been reported for passivating defects. Guo et al. proposed that
the Se vacancies in MoSe, could be well passivated with
halogen atoms (except F) using first-principles calculation,
through a p-doping process.'*® Mahjouri-Samani et al
reported that the vaporization of selenium in a vacuum using
a pulsed laser repaired Se vacancies in the synthesized
MoSe,."*® Lu et al demonstrated the passivation of Se
vacancies by oxygen through a focused laser treatment in air
on CVD-grown WSe,, which was verified by an enhancement in
the PL intensity, an improvement of the photoconductivity
(~150 times), an increase of the W oxidation ratio in XPS, as
well as an increase in thickness in AFM images.'*® Ahn et al.
reported that metallophthalocyanines (MPcs) exhibited defect-
healing effects on the surface of the CVD-grown MoSe, mono-
layer, evidenced by the temperature-dependent blueshift of the
band gap, the narrower PL bandwidth, and the suppression of
mid-gap defect-induced absorption in ultrafast pump-probe
spectroscopy.''°

Moreover, Javey and co-workers reported a PLQY of ~60%
in CVD-grown WSe, monolayers after undergoing a solvent
evaporation-mediated decoupling (SEMD) process, which was
also higher than that in ME WSe, monolayers by an order of
magnitude.'®' They attributed the enhanced PLQY to reduced
nonradiative recombination due to the release of built-in
strain by decoupling the grown WSe, monolayer during the
SEMD process validated by electron diffraction, in situ PL
imaging, TEM, and TRPL measurements. Similarly, Chen et al.
demonstrated that the PLQYs of both MoS, and MoSe, were
enhanced by the solvent with a moderate volatilization rate
like ethanol.**?

4. Conclusions and perspectives

This mini-review provides an overview of the state-of-the-art
chemical treatments and related mechanisms on TMDs. The
low quality of 2D TMD materials has been a veritable bottle-
neck to the incorporation of 2D TMDs in practical opto-
electronic devices. Thus, we focus more on strategies to
improve the intrinsic quality of TMDs by passivating atomic
defects or reducing their inherent doping with surface chemi-
cal treatments and discuss the discrepancies of reported
related mechanisms. The photoluminescence of monolayer
TMDs and the mobility of FET devices built on 2D TMDs are
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utilized as the two most important quality factors to evaluate
the effect of chemical treatments. The PL and mobility of
resulting FET devices have been hugely improved with varied
surface chemical treatments in most cases. The mechanisms
behind the chemical treatments have also been theoretically
and experimentally explored for further development of chemi-
cal treatment approaches. We have thus tried to present the
research to date on chemical treatments and the mechanisms
behind them in this mini-review, and in some cases, the litera-
ture is converging on a unified picture. However, disagreement
and discrepancies across different treatments and mecha-
nisms remain. This must be resolved to move forward. A
summary of the reported data for the effect of chemical treat-
ments on the PL of TMDs can be found in Table 1. Since it is
technically very difficult to measure the PLQY from 100 pm?
monolayer flakes, the shape and position of the steady-state PL
spectra also serve as a quality indicator of 2D TMDs both the
PL intensity and PL shape of the same monolayer flakes before
and after chemical treatment should be measured."*?
Moreover, as previously described, some of the discrepancies
in disclosed mechanisms may be ascribed to the lack of com-
parison of various chemical treatments on TMD monolayers
with the same synthesis method and under the same measure-
ment conditions, as well as to the precision limit in character-
ization tools. Therefore, more attention should be paid to the
synthesis of materials, and the experiments utilized for charac-
terization should be carefully chosen and scrutinized to deter-
mine what can provide the most useful information for deter-
mining mechanisms. For instance, electrical transport
measurements were utilized to support the defects passivation
mechanism with enhanced mobility after chemical treatments,
whereas the resulting mobilities were often limited by the
contact between the monolayers and the electrodes, and
chemicals like H-TFSI could corrode the contact, which led to
an unfair comparison among various chemicals. From our per-
spective, an essential tool to characterize the effect of chemical
treatments on 2D TMD materials is ultrafast spectroscopy,
which can reveal the carrier dynamics associated with defects
without the additional complications of contacts and electro-
des. However, this should not be performed in isolation, as
the variation of exciton dynamics associated with defects and
doping renders multiple processes with a variety of time scales
that can also overlap.’* Advanced microscopy techniques
such as cavity-enhanced extinction microscopy and single-
molecule localization microscopy coupled with fluorescence
labelling are reported to give new insights into the defects’ pro-
perties of 2D materials.'*>*** Therefore, we contend that the
most robust approach is to combine various experimental
approaches to construct a hypothesis.

Other challenges must be addressed to take full advantage
of 2D TMDs in practical optoelectronic applications. For
instance, another area we identify for specific future work and
possible commercialization is the improvement of liquid exfo-
liation (LE) of 2D TMDs.*>'3¢ Although the LE methodology
and the quality of liquid-exfoliated TMD nanosheets have been
developed and improved constantly, the PLQY of liquid-exfo-
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liated TMD nanosheets remains an outstanding challenge,
which limits the scalability of device application to a large
extent.">?71%  Chemical treatment development towards
being compatible with the liquid exfoliation process could be
extremely fruitful for possible applications in flexible
optoelectronics.
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