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ABSTRACT: In this paper, we report high-performance
monolayer thin-film transistors (TFTs) based on a variety of
two-dimensional layered semiconductors such as MoS,, WS,,
and MoSe, which were obtained from their corresponding
bulk counterparts via an anomalous but high-yield and low-
cost electrochemical corrosion process, also referred to as
electro-ablation (EA), at room temperature. These monolayer
TFTs demonstrated current ON—OFF ratios in excess of 10
along with ON currents of 120 yA/um for MoS,, 40 pA/um
for WS,, and 40 yA/pum for MoSe, which clearly outperform
the existing TFT technologies. We found that these
monolayers have larger Schottky barriers for electron injection
compared to their multilayer counterparts, which is partially

-6
108 R 10
i 10 2
0 4010 Monolayer 010 Monolayer o Monolayer
1072 MOS‘2 1012 WS, i MoSe,

40 20 0 20 40 20-10 0 10 20 30 40 50
Vg (V) Ve V)

o (HA/pm)
Ip (uAJm)

4 0 4

2 2
Vp (V) Vp (V)

compensated by their superior electrostatics and ultra-thin tunnel barriers. We observed an Anderson type semiconductor-to-
metal transition in these monolayers and also discussed possible scattering mechanisms that manifest in the temperature
dependence of the electron mobility. Finally, our study suggests superior chemical stability and electronic integrity of monolayers
even after being exposed to extreme electro-oxidation and corrosion processes which is promising for the implementation of such
TFTs in harsh environment sensing. Overall, the EA process proves to be a facile synthesis route offering higher monolayer yields
than mechanical exfoliation and lower cost and complexity than chemical vapor deposition methods.
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Bl INTRODUCTION

The class of two-dimensional (2D) layered transition metal
dichalcogenide (TMD) materials has garnered significant
interest because of their robust semiconducting and optoelec-
tronic properties down to the single monolayer limit.
Monolayer MoS, field-effect transistors (FETs) have demon-
strated low-temperature mobility values in excess of 1000 cm?/
V s. At room temperature, mobility values are ~100 cm*/V s
and are predicted to increase to ~480 cm?®/V s when
encapsulated with high k materials that quench the homopolar
phonon scattering.l_3 Early on, semiconducting 2D materials
such as MoS, were recognized for their ultrathin structure,
~0.65 nm for a single monolayer, as a suitable replacement for
the current high-performance Si technology. Note that the
superior electrostatics offered by atomically thin monolayers
reduce short-channel effects compared to multigated Si-based
FETs."” Recently, highly scaled devices with gate lengths <10
nm have been demonstrated,”” improvements in contact
resistance have neared what is outlined by the ITRS
roadmap,”® and basic circuits such as logic inverters and signal
amplifiers have been demonstrated.”'® Even if TMDs do not
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displace Si, their performance far exceeds that of current
amorphous Si, amorphous oxide, and organic thin-film
transistor (TFT) materials used in organic light-emitting
diode and liquid crystal display panels.''™" Further, 2D
materials provide a unique platform for various beyond-
Boltzmann, ultra-low-power device concepts based on novel
physical phenomena such as strain-induced semiconductor-to-
metal transition (SMT),'* exciton-mediated phase transi-
tion,">® and quantum mechanical tunneling through atomi-
cally sharp 2D/2D interfaces.'”*° Various non-von Neumann
computing paradigms including neuromorphic and stochastic
devices are also being explored based on TMDs.”"*

In the monolayer form, the TMDs are multivalley direct
band gap semiconductors with strong spin-orbit coupling.””**
In contrast to indirect band gap multilayer TMDs, monolayers
are well-suited toward optoelectronics such as photodetectors
in which a single monolayer absorbs >5% incident sunlight,
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light-emitting diodes with a strain tunable optical band gap, and
optic modulators.”>~*’ Given that they exhibit spin hall and
valley hall effects, they are of particular interest for valleytronic
and spintronic applications.”*** Despite the high demand for
monolayer TMD materials, they have been either costly or
challenging to acquire, hence the need for facile synthesis
techniques such as the electro-ablation (EA) process for
semiconductor grade MoS,, WS,, and MoSe, monolayers
presented here.

The EA process’ has key advantages over mechanical
exfoliation and chemical vapor deposition (CVD) methods.
Mechanical exfoliation results in extremely small, low yields of
monolayers, requiring careful surface preparation and heating®”
or techniques such as gold-mediated exfoliation™ to improve
yields, whereas wafer-scale CVD growth of high-quality
monolayers demands expensive infrastructure and resources
in terms of higher processing temperatures and longer
processing times. Although the EA process does not aim to
compete with CVD growth,* it enables an alternative route for
rapid, low-cost, high-yield, and room-temperature synthesis and
access to a diverse set of 2D monolayers. In fact, the EA process
could be complementary to the CVD processes because it can
be used to planarizing CVD-grown multilayer TMDs into their
corresponding monolayers. Additionally, the EA process points
toward the superior chemical stability and electronic integrity of
2D monolayers when subjected to extreme electro-oxidation
and corrosion environments. Such monolayer stability is
attributed to a chemically inert basal plane, which is inherent
to 2D materials, coupled with suppressed edge reactivity at the
monolayer limit through the monolayer/substrate interaction.’!
Therefore, electronic sensors which require stability in
chemically corrosive and strongly oxidizing environments can
be implemented based on these TMD monolayers and will
ultimately find their application in industries such as oil refining
and polymer processing, automotive and aerospace, mining,
and power generation. TMD-based sensors ogerating via a
change in either electrical characteristics®> ™’ or optical
response’” are capable of detecting environmental pollutants
such as NH;, NO,, and H,. Biocompatible MoS, FET devices
have even been demonstrated for a;)plications such as
biomolecules, proteins, and pH sensing.””~**

B EXPERIMENTAL PROCEDURE

The EA process to convert MoS,, WS,, and MoSe, multilayer films to
monolayers originally reported by Das et al.*' is schematically shown
in Figure la—c. First, the TMD material is mechanically exfoliated
onto a conductive 100 nm TiN film on Si. The lateral size of the
exfoliated flake will ultimately determine the size of the subsequent
monolayer, and hence high yields of monolayers with lateral
dimensions of 10s of um are easily achievable. The sample is then
placed in a three-terminal electrochemical cell where the conductive
TiN functions as the working electrode. Next, a relatively small anodic
potential of less than ~1.4 V applied against an Ag/AgCl reference
electrode for a period of time up to 120 s converts the exfoliated
multilayers into their corresponding monolayers via an anomalous but
self-limiting corrosion process consistently over the entire substrate
irrespective of the initial thickness of the multilayer flakes. In
particular, we used a 1 M LiCl solution as the electrolyte, although
most cations and anions work, with a pH value of 2, S, and 3
respectively, for MoS,, WS,, and MoSe,. The EA process was carried
out at anodic potentials of 1.4, 1.4, and 1.2 V versus Ag/AgCl for 120,
120, and S s for MoS,, WS,, and MoSe,, respectively. The EA process
parameters used in our study are tabulated in Figure 1j. Note that
these parameters were used for the fabrication of TFT's based on these
monolayers. These parameters were optimized independently for each
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Figure 1. Schematic of the EA process (a) flakes of TMD are
mechanically exfoliated onto a 100 nm thick conductive TiN film on
Si. (b) Sample is placed into an electrochemical cell with a 1 M
conductive LiCl electrolyte where an anodic potential is applied to
TiN. (c) Within seconds, the bulk material begins to ablate into the
solution converting the multilayer flakes to single monolayers strongly
adhered to the TiN substrate. Optical images of (d,e) MoS,, (fg) WS,,
and (h,i) MoSe, after exfoliation and after EA. (j) Table for MoS,,
WS,, and MoSe, showing the EA process parameters used for
fabrication of TFTs.

material with the time chosen as to fully ablate the flake without over-
etching to avoid any excessive defects in the monolayer. The anodic
potentials used correspond to a small, ~0.1 V, overpotential, from
what is required for the EA process to occur. The pH is particularly
important for MoSe,, as it determines bulk and monolayer ablation
rates, corrosion profile, and ultimate monolayer morphology.**

Monolayers synthesized on a TiN substrate were subsequently
transferred onto a 100 nm thermal SiO, on a p** Si substrate for
further characterization using a wet transfer process shown schemati-
cally in Figure 2.** A spin-casted polymethyl-methacrylate (PMMA)
film is used to transfer the monolayers off the TiN substrate. The
PMMA film, along with the monolayers, is detached from the TiN by
submersing in 1 M NaOH at 90 °C, as shown in Figure 2c. This
process differs from existing wet transfer processes”™ in that the TiN
substrate is not sacrificially etched. Capillary action draws the NaOH
solution to the PMMA/TIN interface, separating the hydrc;phobic
PMMA/encapsulated-TMD from the hydrophilic substrate.® The
detached film floats on the surface, which is then rinsed in deionized
water three times and is finally transferred to the 100 nm thermal
SiO,/p**-Si substrate. After baking at 50 °C for 10 min followed by 70
°C for 10 min, PMMA is removed with acetone, followed by rinsing
with isopropyl alcohol. For transistor characterization, electron beam
lithography was used to pattern the contact regions followed by
electron beam evaporation of Ni/Au contacts.

B RESULTS AND DISCUSSION

Figure 1d,f)h shows optical images of exfoliated MoS,, WS,, and
MoSe, flakes with thicknesses on the order of 100s of nm
before the EA process. Within seconds, the bulk layers begin to
undergo an electro-oxidation process and are ablated into the
solution, initiating at the edge, progressing inward (see Figure
S1 for temporal AFM). The underlying monolayers remain
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Figure 2. Schematic monolayer transfer and transistor fabrication. (a) EA converts TMDs to corresponding monolayers on the TiN substrate. (b)
PMMA is then spun on the substrate. (c) Sample is submerged in 1 M NaOH until the PMMA film and monolayers detach from TiN. (d) PMMA
film containing monolayer flakes is then transferred onto 100 nm SiO, on a p** Si substrate. (¢) PMMA is then removed using acetone/IPA. (f)
Electron-beam lithography is used to pattern the contact regions followed by electron-beam evaporation of the Ni/Au contacts.
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Figure 3. Characterization of electro-ablated MoS,, WS,, and MoSe, monolayers (ae,i) optical images of MoS,, WS,, and MoSe, after transfer onto
a 100 nm SiO, substrate. (b,fj) PL intensity map showing intense PL across the monolayers at energies of ~1.85, ~1.95, and ~1.5§ eV
corresponding to the direct band gaps of MoS,, WS,, and MoSe,, respectively. The intensity is integrated from +0.15 eV from the peak energy.
(c,gk) Atomic force microscope (AFM) images show a step height of ~2.3, ~1.8, and ~3.8 nm for monolayer MoS,, WS,, and MoSe,, respectively.
(d,h,]) Raman spectra using a 532 nm laser on multﬂayer and monolayer MoS,, WS,, and MoSe,, respectively. MoS, flakes show a decrease in the E,,

and Alg peak separation from 25.6 to 20.6 cm™" after conversion to monolayers. WS, flakes show a shift of the Ay, peak position from 420.7 to 419. 2
em™!, with the 2LA(M) peak remamlng at 350.5 cm ™. The 2LA(M) /A, intensity ratio is reduced from 2.0S to 1.64. MoSe, shows a shift of the A,
peak from 241.8 to 240.4 cm™'. The MoSe, A,, peak shifts from 241.8 to 240.4 cm™".

intact, strongly adhered to the substrate, as shown in Figure
le,gi for MoS, WS, and MoSe,, respectively. Density
functional theory (DFT) attributes the extraordinary mono-
layer stability to the strong binding energy between the bottom
monolayer and the TiN substrate compared to the relatively
weak interlayer binding energy.’’ Multilayer remnants are
sometimes visible as islands toward the center of the monolayer
regions owing to the incomplete corrosion process which is
limited by the passivation of the TiN substrate. TiN catalyzes
the production of oxidizing species such as O,, H,0,, and so
forth,>"** which is inhibited and ultimately rate-limited by the
TiN oxidation during the EA process. Hence, there exists a
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competition between the bulk TMD ablation and substrate
passivation dependent on the anodic potential, pH, and
substrate.

The proposed reaction mechanism by Huang et al.*’ for
electro-oxidation of TMDs with the general formula MX, is
given by eq 1. The stability of MoO; (or WO;) obtained as the
reaction product depends on the pH. At the pH values used for
each material, these products are hydrolyzed into aqueous
species via eq 2. A more comprehensive study on the
dependence of the EA process on the choice of the electrolyte,
pH of the solution, applied anodic potential, and corrosion time
is reported elsewhere for various 2D materials.”"**
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Figure 4. Monolayer TFTs. Transfer characteristics in the log scale at different drain biases (V) for backgated monolayer (a) MoS,, (b) WS,, and
(c) MoSe, TFTs. All use a 100 nm thermal SiO, dielectric with Ni/Au contacts and a 1 ym channel length. The field-effect mobility values extracted
from peak transconductance (g,,) were ~20, ~7, and ~2.5 cm?/V s for MoS,, WS,, and MoSe,, respectively. Output characteristics at different back
gate voltages (V) for monolayer (d) MoS,, (e) WS,, and (f) MoSe,. Ohmic-like linear current vs voltage characteristics are seen for MoS, and WS,,

whereas MoSe, displays SB-like sublinear current vs voltage characteristics.

MX, + H,0/0, = MO, + HXO,” or XO,*~ (1)

MO, + 20H™ - MO,”” + H,0 )

Photoluminescence (PL), atomic force microscopy (AFM),
and Raman characterization of MoS,, WS,, and MoSe, electro-
ablated flakes after transfer onto the SiO, substrate are shown
in Figure 3. In general, the mechanical exfoliation process
produces relatively large MoS, and MoSe, flakes, >10 ym,
whereas the WS, flakes are much smaller, on the order of a few
um, as seen in Figure 3a,e,i. Intense PL shown in Figure 3b,f; is
observed across the entire monolayer MoS,, WS,, and MoSe,
flakes at energies of ~1.85, ~1.95, and ~1.55 eV, corresponding
to their monolayer direct band gaps, respectively.”’~*’ The PL
maps are of the integrated PL intensity from +0.15 eV from the
peak energy. It is believed that the spatial nonuniformity in the
PL intensity is due to local defects interacting with gaseous
species enhancing the PL.>" Note that a dramatic increase in
the PL yield occurs when the monolayer limit is reached for the
TMDs owing to an abrupt indirect to direct band gap
transition. The PL observed, thus, only exists in monolayer
flakes which maintain their crystalline structure, providing
strong evidence toward robustness of the electro-ablated
monolayer TMDs.

AFM measured a step height of ~2.3, 1.8, and 3.8 nm for
MoS,, WS,, and MoSe,, respectively, as shown in Figure 3c,gk.
This is greater than the expected monolayer height of ~0.6 nm
for MoS,.”" This discrepancy is hypothesized to arise from the
incomplete hydrolyzation of the reaction products from
equations 1 and 2. These undissolved oxide species would
yield a greater than 0.6 nm step height, although the underlying
crystalline semiconductor is still a single layer as supported by
the PL and Raman spectroscopy. It should be noted that this is
less than the ~4.5 nm step height measured when the material
is still on the TiN substrate (see Figure S1). The wet transfer
process may introduce contaminants at the TMD SiO,
interface which could also result in a larger measured step
height.

The MoS, Raman spectra from a multilayer flake and an
electro-ablated monolayer are shown in Figure 3d. A reduction
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in the E,; and Aj, peak separation from 25.6 to 20.6 cm™

indicates a bulk-to-monolayer transition.”” Similarly, WS,
shows softening of the A;; mode from 420.7 to 419.2 cm™
with the 2LA peak remaining at 350.5 cm™' as well as a
reduction in the 2LA(M)/A,, intensity ratio from 2.05 to 1.64
after conversion from a multilayer/bulk flake to the monolayer
form,>* as shown in Figure 3h. Figure 3l shows softening of
the MoSe, A;, mode from 241.8 to 240.4 cm™’, confirming the
transition from a multilayer to monolayer form.*’

Monolayer MoS,, WS,, and MoSe, transistor characteristics
are shown in Figure 4. The devices were measured under a
vacuum of ~107% Torr to reduce hysteresis effects and
threshold shifts due to ambient moisture.”* MoS,, WS,, and
MoSe, transfer characteristics shown in Figure 4a—c,
respectively, exhibit minimal short-channel type effects such
as drain-induced barrier lowering (DIBL). Although the
relatively large 1 pm channel length and small geometric
screening length, 4 ~8 nm, calculated on the basis of

A = Jtoxts, where tox and f are, respectively, the thickness

of the back gate oxide (100 nm) and thickness of the
semiconducting channel (0.65 nm), predict that DIBL should
not occur, Schottky barrier (SB) devices tend to exhibit other
effects such as a strong drain voltage (V,) dependence of the
source SB width, known as drain-induced barrier thinning
(DIBT), which produce DIBL-like characteristics.”®> Because
monolayer devices have a small 4 value, the DIBT or DIBL is
on order of the measurement resolution, ~0.2 V. The small
DIBL in the MoS, devices from V = 02 V to V, = 04 V
results from the forward-biased drain SB which is removed
when the applied drain voltage is greater than the electron SB,
that is, Vp > ®y. Despite the electrostatics improvement
offered by monolayers, the Ni work function pins relatively
close to the conduction bands for MoS,*® and WS,,*” resulting
in a hole injection SB sufficiently large to suppress any
observable hole current. Calculations show that when
approaching the monolayer limit of MoS,, where the band
gap increases from 1.2 to 1.8 eV," the electron SB heights
remain relatively similar, and hence, the hole SB increases
substantially,”® further suppressing any ambipolar behavior.
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Figure S. Temperature-dependent characterization of monolayer transistors. Log scale transfer characteristics of monolayer (a) MoS,, (b) WS,, and
(c) MoSe, TFTs at V, = 1 V from temperatures ranging from 25 to 400 K. Anderson-type semiconductor-to-metal transition is seen for all
monolayer TFTs. (d) Field-effect mobility for MoS, at Vj, = 1 V shows a st & T~ dependence from 12.5 to 375 K. (e) Field-effect mobility for WS,
at Vp = 1.4 V shows a u o< T~> dependence from 12.5 to 400 K. (f) Field-effect mobility for MoSe, at Vp, = 1.8 V shows a y o« T~ dependence from

12.5 to 400 K.

Although monolayer MoS, and WS, have relatively large band
gaps of 1.85 and 1.95 eV, respectively, MoSe, has a smaller
band gap of 1.55 eV.""~* Its smaller band gap, coupled with
the fact that the Ni Fermi level pins further away from the
conduction band edge when compared with MoS, and WwS,,*’
facilitates hole injection and hence the ambipolar characteristics
seen in Figure 3c. The output characteristics for MoS,, WS,,
and MoSe, in Figure 3d—f, respectively, points to a similar
explanation. MoS, and WS, FETs show relatively linear
“Ohmic type” output characteristics for small applied drain
biases owing to a thinner and lower SB heights which ensures
high tunneling probability for electron injection in the ON state
of the device, whereas MoSe, FETs exhibit sublinear “Schottky
type” output characteristics owing to a higher SB height for
electron injection.

The field-effect mobility values of the devices were extracted
at the location of peak transconductance, g, (see Figures S2
and S3). MoS, devices with a 1 ym channel length have an
average mobility of 19.4 + 2.6 cm?/V s for 7 devices and ON
currents of ~120 uA/um at a carrier density of ~1.5 X 10"
cm™?, which is comparable with the highest performing CVD
monolayer materials.”>**®' The 11 WS, devices have a channel
length of 500 nm as the flakes were much smaller and a
mobility value of 6.7 + 3.3 cm?/V s, which is comparable to the
highest performing CVD WS, materials.””*> Finally, MoSe,
devices have a channel length of 1 ym and an average electron
mobility of 2.6 + 0.6 cm?/V s for 9 devices, which is about an
order of magnitude lower than what has been achieved with
CVD materials.”* For WS, and MoSe, although there are
reports of higher mobility monolayer materials,””~** the ON
currents reported here, namely, 40 4A/pum for WS, and 40 uA/
um for MoSe, at carrier densities of ~10'* and ~1.2 x 10"
cm™?, respectively, are much larger.

Figure Sa—c shows the temperature-dependent transfer
characteristics for MoS,, WS,, and MoSe, transistors,
respectively. For all three materials, the absence of a
temperature dependence of the subthreshold slope strongly
suggests that at current levels above the gate leakage level of
~10 pA, the devices are in the tunneling-dominated transport

region, reinforcing the above discussion on the band alignment
(see Figure S4 for additional measurements ). Although the
interface trap capacitance can have a temperature dependence,
it is unlikely that this would remove the temperature
dependence of the thermionic regime. In the case of MoS,,
the primarily tunneling-dominated operation is not unexpected
as the large monolayer band gap compared to the multilayer,
1.8 eV versus 1.2 eV,"” permits a relatively large electron barrier
while still maintaining a large enough hole barrier to suppress
any ambipolar transport. In devices where the thermionic-to-
tunneling transition current can be identified, the barrier height
can be calculated using the Landauer transport model and the
WKB approximation. Our device characteristics indicate that
this transition occurs at a current level less than the leakage
level of 10 pA for all monolayer TMDs reported here, that is,
MoS,, WS,, and MoSe,. As such, the SB height for electron
injection must be greater than 0.5 eV, which is significantly
higher than the previously reported multilayer values of 0.15
and 028 eV for MoS, and MoSe,, respectively, with Ni
contacts.*®

The MoS, transfer characteristics shown in Figure Sa show
an abrupt Anderson-type semiconductor/insulator-to-metal
transition.”” At low applied gate voltages where the carrier
concentration is relatively low, the strongly bound electron
system exhibits an “insulator” type behavior where the
resistivity decreases, and hence current increases with
increasing temperature. In the disordered 2D electron gas, an
abrupt quantum phase transition to a “metallic” phase occurs
when the energy exceeds the mobility edge or critical energy.
The delocalized electrons, now stabilized by electron
interactions, decrease in mobility with increasing temperature.
This abrupt temperature-independent transition for MoS,
occurs at V5 = 30 V which corresponds to a carrier density
of ~6 X 10" cm ™2 For WS, shown in Figure Sb, this transition
begins to occur at Vg = 50 V; however, the more positive
threshold voltage for the WS, devices do not allow as high of a
carrier concentration as in the MoS, devices. The transition for
MoSe, also occurs but, unlike MoS,, is not at the same V{; for
all temperatures. This insulator-to-metal transition is desirable
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for high-power devices as it prevents thermal runaway from
occurring.

Figure 5d—f shows the temperature-dependent differential
field-effect mobility for MoS,, WS,, and MoSe,, respectively.
The predictable temperature dependence on the mobility, and
hence transconductance, of MoS, and MoSe, in particular
makes them suitable as a temperature sensor with a wide range
of ~25 to 400 K. The extracted mobility values are much lower
than what is observed in bulk where the hall mobility of MoS, is
~100 cm?/V s at 300 K and reaches a peak of ~300 cm?/V s at
150 K. Bulk MoS, has a distinct low-temperature impurity
scattering-limited regime and a high-temperature phonon
scattering-limited regime with a y o< T>* dependence.68 This
high-temperature phonon scattering, attributed to the zero-
order homopolar mode, is quenched in single-layer MoS,
devices, reducing to a predicted value of y o« T~2°.°” While
this corresponds well with the extracted T~"* for MoS, and for
other reports in literature,””” the predicted room temperature
mobility is >400 cm?/V s,% a full order of magnitude greater
than what is observed here. This discrepancy indicates that the
mobility is instead determined by extrinsic factors such as
charged impurities in the SiO, and remote phonon scattering.”"
Ong and Fischetti show that at high temperatures, charged
impurities dominate over phonons, and the temperature-
dependent polarizability is a significant contributing factor to
the mobility degradation and temperature dependence.”
However, in the case of WS,, the extracted high-temperature
dependence of T differs signiﬁcantly from the T %7 for
mechanically exfoliated flakes’> seen in literature, possibly
arising from a less pristine interface for the electro-ablated
monolayer. The MoSe, T~'° dependence is relatively close to
the reported values of 77 and T~>! for few-layer MoSe,.”””*
Despite the clear presence of extrinsic mobility-affecting factors,
little low-temperature mobility dependence is observed for
MoS,, WS,, and MoSe,, a signature of impurity-limited
mobility. This low-temperature-independent behavior is also
observed in the literature for MoS,,> WS,,”* and MoSe,.””
These charged impurities, primarily in the SiO, substrate, result
in an inhomogeneous localized charge distribution in the
material which manifests itself in hopping-type transport and an
increasing mobility with temperature.””’>’° Neither of these
being observed in the ON state points to the impurities being
relatively well-screened. A high k dielectric top gate would likely
further screen the charged impurities and improve the mobility
values as well.' ™

B CONCLUSIONS

In summary, we have reported a facile, high-yield, room-
temperature EA process for synthesizing a diverse set of TMD
monolayers. The EA process points toward the extraordinary
chemical stability of 2D materials in their monolayer form
which are able to withstand extreme -electro-oxidative
conditions. The inert basal plane coupled with suppressed
edge reactivity at the monolayer limit suggests that monolayer
TMDs are suitable as the active component in harsh
environmental sensors. EA synthesis has key advantages
compared to mechanical exfoliation’s low yields or the costly
infrastructure associated with high-temperature CVD, providing
an alternative, low-cost route for the synthesis of high-quality
2D monolayers. Monolayer TFTs synthesized via EA
demonstrated ON—OFF ratios in excess of 10’ along with
ON currents of 120 yA/um for MoS,, 40 pA/um for WS,, and
40 pA/pum for MoSe, which clearly outperform the existing

TFT technologies. Various carrier transport phenomena were
gleaned from temperature-dependent characterizations such as
Anderson-type SMTs, the temperature dependence on electron
mobility, and the observation that these monolayers have larger
electron SBs than their multilayer counterparts which is
partially compensated by their superior electrostatics and thin
tunnel barriers. This work has demonstrated that EA synthesis
can facilitate the study of the rich monolayer physics for a
diverse set of materials, especially for those requiring
inexpensive, high-yield, large domain materials.
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