GDCh
~_7
2D Semiconductors

Research Articles

W) Check for updates

Angewandte
internatiagalditiony Chemie
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2024, 63, €202403494
doi.org/10.1002/anie.202403494

Trifluoromethylation of 2D Transition Metal Dichalcogenides:
A Mild Functionalization and Tunable p-Type Doping Method
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Abstract: Chemical modification is a powerful strategy
for tuning the electronic properties of 2D semiconduc-
tors. Here we report the electrophilic trifluorometh-
ylation of 2D WSe, and MoS, under mild conditions
using the reagent trifluoromethyl thianthrenium triflate
(TTT). Chemical characterization and density functional
theory calculations reveal that the trifluoromethyl
groups bind covalently to surface chalcogen atoms as
well as oxygen substitution sites. Trifluoromethylation
induces p-type doping in the underlying 2D material,
enabling the modulation of charge transport and optical
emission properties in WSe,. This work introduces a
versatile and efficient method for tailoring the optical
and electronic properties of 2D transition metal dichal-
cogenides.
: J

Introduction

Two-dimensional (2D) materials are promising materials for
next-generation electronic devices. As a consequence of
their ultrathin dimensions and dangling-bond-free interfaces,
2D materials offer the opportunity for continued device
scaling while avoiding the short-channel effects that hinder
bulk semiconductors.? In addition, 2D materials are highly
sensitive to their environment, making them suitable for
“More than Moore” devices that respond to external
stimuli.’*) Within the expanding family of 2D materials,
transition metal dichalcogenides (TMDCs) such as WSe,
and MoS, have emerged as prototypical 2D semiconductors
with high mobility and strong current modulation in field-

effect transistors (FETs).”®! In addition to favorable device
performance, these materials have attracted attention in the
field of quantum information science for their rich photo-
physics and bright emission at the monolayer limit.!"!

Surface doping is an emerging strategy for tuning the
carrier concentration in 2D TMDCs. Molecular species
adsorbed on 2D materials induce strong doping through
charge transfer and/or dipolar interactions.?*"""'"l Reactants
that form covalent bonds to the surface, rather than simply
physisorbing, are particularly advantageous as they are more
stable following exposure to heat, solvents, and ambient
moisture and oxygen. Of particular interest are reagents that
would react with and modify charge transport in WSe,, since
this material shows both n-type and p-type transport for
complementary metal-oxide-semiconductor (CMOS)
applications.” %!l However, many reports of covalent
functionalization of TMDCs, such as pre-activation by
conversion to 1T phase®™?! or the use of radical-based
diazonium reagents,® " rely on harsh reaction conditions
that may damage and/or significantly alter the crystal lattice.
Recently, pioneering work by Pérez and co-workers demon-
strated that mild electrophiles such as maleimides react with
the surface of MoS, and other TMDC:s, in analogy to thiol-
maleimide “click” chemistry.”**) The maleimide functional-
ization approach introduces significant electron doping in
MoS, and reduces barriers to charge injection in the contact
region.’” These findings motivate the search for other
electrophilic reagents that functionalize and dope TMDCs
without the use of harsh reaction conditions.

Here we report the functionalization of 2D WSe, and
MoS, using trifluoromethyl thianthrenium triflate (TTT), an
electrophilic trifluoromethylation reagent recently reported
by Ritter and co-workers for use in organic synthesis.’) This
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reagent is synthesized in a simple one-step procedure and
used under ambient conditions without the need for special
precautions or complex synthetic procedures. We show that
TTT reacts under mild conditions with exfoliated WSe, and
MoS, to give a self-limited surface layer of covalently bound
trifluoromethyl groups, which are characterized by X-ray
photoelectron spectroscopy (XPS), solid-state "“F magic-
angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopy, atomic force microscopy (AFM), time-of-
flight secondary ion mass spectrometry (ToF-SIMS), Raman
spectroscopy, and density functional theory (DFT) elec-
tronic structure calculations. Using proof-of-concept FET
studies, we show that trifluoromethylation induces tunable
p-type doping of WSe, and MoS,. Moreover, we demon-
strate through low-temperature photoluminescence (PL)
studies that this doping can be used to tune the contributions
of excitonic species to the emission of WSe,. Overall, this
work demonstrates that the mild solution-based chemistry of
TTT enables facile and scalable p-type doping of 2D
TMDCs.

Results and Discussion

Dispersions of few-layer WSe, were prepared using cosol-
vent liquid-phase exfoliation in 2:1 ethanol/water. Cosolvent
exfoliation avoids the use of surfactants to stabilize the
WSe, dispersion, ensuring that the surfaces of the nano-
sheets are free of adsorbates that could interfere with
surface reactions.’” Following solvent exchange to
acetonitrile, TTT was added to produce a dispersion of few-
layer WSe, in 10 mM TTT in acetonitrile (Figure 1a). This
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dispersion was stirred for 4 hours at room temperature, then
collected by filtration and washed with excess acetonitrile to
remove side products and physisorbed starting material.
This technique was scaled up to produce sufficient quantities
of functionalized WSe,-CF; powder for analysis with XPS
and solid-state ’F MAS NMR.

XPS measurements provide initial evidence for CF;
group chemisorption on WSe,. Following functionalization
with TTT, a peak appears in the Fls region (Figure 1b). The
binding energy of 688eV is consistent with fluorinated
organic compounds, including trifluoromethyl groups.® The
Se3d peak of pristine WSe, shows an overlapping doublet
with the 3ds, component centered at 55 eV. This doublet
remains in the functionalized material, but deconvolution of
the broadened Se3d signal reveals the presence of a new Se
species at a higher binding energy. The higher binding
energy of the new doublet is consistent with the binding of
CF; groups to surface Se sites, which is expected to involve
electron donation from the Se to the electrophilic CF; in
analogy to the reaction between TTT and thiols.’ To
determine the density of surface-bound CF; groups, we
applied the trifluoromethylation reaction to large-area
monolayer WSe, sample. Quantification of the XPS Fl1s and
Se3d peaks shows that surface coverage increases with
reaction time, with a 4-hour reaction giving a density of
roughly 1 CF; group for every 13 surface Se sites (Fig-
ure S1).

Next, we used solid-state ’F MAS NMR spectroscopy to
characterize the atomic-scale structure of the functionalized
material. “F is a highly sensitive NMR-active 1="/, nucleus
with nearly 100 % isotopic abundance, which allows the
detection of fluorinated species even at relatively low
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Figure 1. (a) Reaction scheme for chemical functionalization of 2D WSe, with trifluoromethyl thianthrenium triflate (TTT). (b) F1s and (c) Se3d
XPS spectra for liquid-phase exfoliated WSe, before and after functionalization with TTT (25°C, 4 hours, 10 mM in CH;CN). (d) "*F MAS NMR
spectra of the starting reagent TTT and functionalized WSe,-CF;. Spinning side band peaks, an artifact of the measurement technique, are indicated

by stars.
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concentrations. The spectrum of the starting material TTT
contains sharp peaks at —51 ppm and —78 ppm, correspond-
ing to trifluoromethyl thianthrenium and the triflate coun-
terion, respectively. These peaks are absent in the function-
alized WSe,-CF; spectrum, confirming that the starting
material is completely removed by the post-reaction washing
step. WSe,-CF; shows two major peaks centered at —62 ppm
and —35ppm (Figure 1d), both of which fall within the
expected region for CF; moieties.***" The strong shifts from
the starting material peak positions substantiate the for-
mation of a new covalent bond to the CF; groups.

The presence of multiple peaks in the ’F NMR indicates
that multiple fluorine-containing species are present in-
WSe,-CF;. We hypothesize that these structures originate
from the binding of CF; at different sites on the surface of
WSe,. Among the possible defects in WSe,, isolated
selenium vacancies (Vg.) have the lowest energy of forma-
tion, but tend to react with ambient O, to create oxygen
substitutions (Og,).”! As a result, the two most common
binding sites available on the surface of WSe, under ambient
conditions are Se atoms and Og, defects. Although second-
order nuclear shielding effects complicate the interpretation
of chemical shifts in “F NMR,* empirical trends in
reported small-molecule NMR spectra show that O—CF;
groups generally appear in the —55 ppm to —60 ppm range,
while Se—CF; groups fall in the —30ppm to —40 ppm
range.’>* Therefore, we assign the peaks at —35 ppm and
—62 ppm to CF; moieties bound to Se and Og. sites,
respectively.

We next investigated the effects of the trifluorometh-
ylation methodology on monolayer and few-layer single
flakes by preparing and functionalizing mechanically ex-
foliated WSe, samples on 300 nm Si/SiO,. The samples were
functionalized by immersion in a 10 mM TTT solution in
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acetonitrile for 4 hours, then washed vigorously with
acetonitrile to remove any weakly physisorbed material. The
chemical composition of the deposited layer was then
probed using spatially resolved ToF-SIMS, which is a highly
surface-sensitive technique that detects elements and molec-
ular fragments in the upper 1-2 nm of a surface. Figure 2a
shows intensity maps for selected mass peaks on a WSe,-CF;
flake. The Se™ signal indicates the location of the WSe, flake
in contrast to the SiO, substrate background. The flake
surface shows the presence of F~, CF;", and triflate mass
fragments, further supporting the reaction scheme proposed
in Figure la. These species are notably absent on the SiO,
substrate, indicating that the reaction is selective for WSe,.
We note that the secondary ion yields in SIMS vary widely
with the sample and fragment in question, so the relative
intensity of each mass signal does not necessarily correspond
to its abundance in the sample.*”! Notably, triflate shows a
strong signal in SIMS but is absent in the ’F NMR, which
implies that this species is present only in trace quantities.
The presence of CF; groups, however, is supported by strong
signals in “F NMR.

ToF-SIMS was also used to investigate the thermal
stability of WSe,-CF;. Mechanically exfoliated flakes treated
with TTT were measured after annealing in nitrogen. ToF-
SIMS mapping shows no change in the F~ or CF;" signals up
to 200°C (Figure S2). The SO;CF;™ signal decreases sharply
at 200°C and disappears entirely at 300°C, indicating the
removal of physisorbed triflate groups. The CF;™ signal also
decreases at 300 °C but the F~ signal remains, indicating that
fluorine-containing  degradation = products of  the
trifluoromethyl groups remain on the WSe, surface.

Figures 2b and 2c show AFM images of mechanically
exfoliated WSe, flakes before and after trifluorometh-
ylation. The functionalized flakes show an increase in height
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Figure 2. (a) Static ToF-SIMS maps of Se™, F~, CF;~, and CF;SO;™ mass signals on mechanical exfoliated WSe, following functionalization with TTT
(25°C, 4 hours, 10 mM in CH;CN). (b, c) AFM images of mechanically exfoliated WSe, (b) and WSe,-CF; (c). (d) Height profiles extracted along
the black and blue lines in the AFM images of pristine and functionalized WSe, show an increase in height due to the presence of an adlayer. (e)
Raman spectra of mechanically exfoliated monolayer WSe,-CF; shows a blue shift in the E'/A’; mode due to p-type doping.
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and surface roughness, consistent with the selective surface
functionalization of the 2D material. The measured height
change, around 1 nm, is greater than the height of the CF;
groups alone, which is expected to be between 2 A and
3 A"l The discrepancy in height is attributed to differences
in tip-sample interactions between the pristine WSe,, the
CF; adlayer, and the surrounding SiO,, which introduce
error into AFM step height measurements.*?

The integrity of the underlying monolayer WSe, was
next probed with Raman spectroscopy. As shown in Fig-
ure 2e, monolayer WSe, exhibits overlapping Raman modes
at 249 cm ™' (A/) and 251 cm ™ (E’), while a broad peak near
263 cm™' corresponds to the disorder-activated 2LA(M)
mode.*! Following functionalization, the 2LA(M) peak
does not noticeably change in intensity, indicating that the
surface treatment does not induce significant disorder in the
WSe, lattice (Figure 2¢). The E’-A," peak shows a slight blue
shift of about 0.7 cm™!, which is consistent with p-type
doping.[##!

The doping trend agrees with the proposed reaction
scheme given in Figure 3a, in which Se donates a pair of
electrons to the electrophilic CF; group with loss of neutral
thianthrene. This results in a positive charge on the Se atom,
which creates a strong hole-doping effect in the surrounding
WSe, lattice. In addition, the strongly dipolar CF; groups
plausibly generate a local electric field at the WSe, surface.
This dipole interaction produces a local gating effect,
shifting the conduction band of WSe, toward the Fermi
level.”) An analogous scheme and doping effect is expected
to involve the Oy, sites, where substitutional oxygen takes
the place of Se.
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To assess the validity of the proposed configurations of
CF; on WSe,, three plausible binding sites were investigated
using high-level DFT. Figures 3b—d show the calculated
binding energy, band structure, and projected density of
states (PDOS) for WSe, with CF; bound at Se, O, and Vg,
sites. The reaction is predicted to be exergonic for all three
structures, with Se sites showing the highest binding energy
of 1.16 eV. In the case of both Se and Og,, the binding of the
CF; group introduces a localized state near the conduction
band. The band gap for the Se sites shows a direct-to-
indirect transition upon functionalization, while Og, remains
direct. In the case of Vg, localized states already exist at the
vacancy site and show little change upon functionalization.

To test the effect of trifluoromethylation on the charge
transport properties of WSe,, we fabricated back-gated
FETs using mechanically exfoliated WSe, on Si/SiO, (Fig-
ure 4a). The pristine devices are ambipolar with substantial
electron transport (. =22.7 cm*Vs) and poor hole transport
(1, =0.0015 cm*Vs). Upon exposure to TTT, hole transport
is enhanced while electron transport decreases, indicating p-
type doping of WSe,. After 24 hours of reaction time, hole
transport reaches as high as 0.75 cm*Vs while electron
transport falls to 7.6 cm*/Vs. The observation of tunable p-
type doping supports the electrophilic reaction mechanism
proposed in Figure 3a and provides proof of concept for the
use of TTT as an effective surface dopant.

We further probed the thermal stability of the CF;
adsorbates by annealing the FETs under inert conditions.
The functionalization-induced increase in hole transport is
partially reversed upon annealing, which is attributed to the
removal of physisorbed surface species such as residual
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Figure 3. (a) Proposed mechanism for the reaction of TTT with WSe,. (b) Proposed structures for CF; bound to Se, Os,, and Vs, on the surface of
WSe,. The calculated binding energy at each site (AE for the reaction) is given below each structure. (c) Band structures for each indicated
structure before and after the reaction. (d) Projected density of states for each of the three functionalized structures. Inset shows the valence band

edge.
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Figure 4. (a) Transfer curves and (b) transistor metrics of a few-layer
WSe, FET at increasing reaction times with TTT (V,=5 V). (c) Transfer
curves and (d) transistor metrics of a multilayer MoS, FET at increasing
reaction times with TTT (V,=1 V) Hole mobility (p,) and p-type on-off
ratios (lo,/o) are calculated from the low-V region of each curve, while
electron mobility (p.) and n-type I, o are calculated from the high-V
regions.

solvent molecules. However, hole transport remains higher
than the pristine WSe, device even under annealing up to
300°C, reflecting the strong covalent bonding and stable
hole doping by the CF; groups (Figure S3). At 300°C, ToF-
SIMS data indicates that the CF; groups begin to break
down. In the FET measurements, a slight increase in hole
transport occurs at the same temperature, indicating that the
degradation products of CF; also act as hole dopants.
Low-temperature PL measurements were carried out to
assess the effect of trifluoromethylation on the optical
properties of WSe,. Monolayer WSe, flakes were prepared
by mechanical exfoliation and measured before and after
functionalization with 532 nm excitation at 4 K. Figure S4
shows a representative point spectrum. The pristine material
shows a number of emission features corresponding to the
neutral exciton (X;) and negatively charged trions (X,
X,).4* Following functionalization, these features are
strongly suppressed, while a new peak appears at 730 nm.
This peak is identified as the positive trion (X*), which is
typically observed as a result of hole doping.*** These
results corroborate the trends shown in the transport
measurements and indicate the value of trifluoromethylation
as a strategy to modulate the optical emission of TMDC:s.
The emission measurements point to potential applica-
tions of trifluoromethylation. We note that TTT shows
relatively weak doping efficiency in comparison to other
surface dopants (Table S1).’! While not ideal for CMOS
technology, mild doping can be used to effectively modify
the relative abundance of emissive excitonic species in
WSe,. This control over the emission spectrum is highly
desirable for quantum communication and other optoelec-
tronics applications.”'**! For these areas of study, it is also
vital to identify specific structural features that produce a
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particular emission profile. In this respect, trifluorometh-
ylation stands out among other organic surface dopants for
its well-characterized reactivity. The simple structure of the
CF; group and the presence of fluorine heteroatoms have
enabled us to identify how CF; groups bond to the surface
and suggest mechanisms for doping. We suggest that TTT
can enable rigorous mechanistic understanding of the effect
of organic functionalization on the emission properties of
TMDC:s in future studies.

To illustrate the versatility of this trifluoromethylation
protocol, it was next replicated for 2D MoS,. Figure 4c
shows representative transfer curves for a bilayer MoS, FET
functionalized with TTT. The FETs show only n-type
transport (p.=12.4 cm¥Vs), which is suppressed with in-
creasing reaction time to p.=1.9cm%Vs after 24 hours
(Figure 4). The diminished n-type character reflects the
depletion of electron density in MoS, due to electron
transfer in the electrophilic reaction mechanism (Figure 3a)
as well as local gating by the CF; groups.

Chemical characterization for MoS,-CF; largely mirrors
that of WSe,-CF;. ToF-SIMS, AFM, and XPS data show the
preferential deposition of a thin layer of fluorine-containing
material on the surface of MoS, flakes (Figure S5-S7). The
appearance of a new doublet in the S2p XPS spectrum
indicates covalent binding between the MoS, and CF;.
Quantification of the S2p and Fls peaks on a large-area
monolayer sample indicates a density of around 1 CF; group
per 12 MoS, unit cells, similar to that for WSe, (Figure S8).

The MoS,-CF; solid-state “F MAS NMR spectrum
shows the disappearance of peaks corresponding to TTT
and the appearance of a peak at —62ppm, indicating
covalent binding of CF; groups (Figure S9). Upon increasing
the reaction temperature to 75°C, a second peak appears at
—33 ppm. Similar to WSe,, the most common defect sites in
MoS, are reported to be oxygen substitutions (Os).[*’ The
peaks at —33 ppm and —62 ppm are assigned to CF; groups
bound to S and Oy sites, respectively, in line with the
chemical shift ranges for S—CF; and O—CF; groups reported
in literature.®” The fact that the S-CF; peak is only
observed following the high-temperature reaction indicates
that S sites on the surface of MoS, are less reactive toward
electrophilic trifluoromethylation compared to Se sites in
WSe,, although Oy sites react readily. Computational results
corroborate this hypothesis, since Og sites show a higher
binding affinity for CF; groups compared to the pristine
MoS, surface (Figure S10). These results indicate that TTT
can act as a versatile functionalization reagent for MoS, as
well as WSe,, and the present fundamental characterization
provides key insight into the binding of electrophilic groups
on the surface of the TMDCs.

Conclusions

Here we have demonstrated the covalent functionalization
of 2D TMDCs, WSe, and MoS,, with trifluoromethyl groups.
TTT acts as a mild and efficient electrophilic trifluorometh-
ylation reagent which can be prepared and used by
straightforward procedures. Detailed chemical character-
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ization and DFT computation data support the formation of
covalent bonds between CF; groups and surface chalcogens
or oxygen substitutions. Proof-of-concept charge transport
measurements demonstrate that trifluoromethylation indu-
ces p-type doping that can be tuned with reaction time. This
doping can also be used to modulate the optical emission of
WSe, by promoting the formation of positive trions. Overall,
this work illustrates that electrophilic trifluoromethylation
provides a promising straightforward solution-based method
for controlling the electronic and optical properties of 2D
WSe, and MoS,.

Supporting Information

The Supporting Information contains additional details on
experimental and computational methods as well as compu-
tational and experimental analysis data for WSe,-CF; and
MoS,-CF;.
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