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The negative differential resistance (NDR) effect has been widely
investigated for the development of various electronic devices. Apart
from traditional semiconductor-based devices, two-dimensional (2D)
transition metal dichalcogenide (TMD)-based field-effect transistors
(FETs) have also recently exhibited NDR behavior in several of their
heterostructures. However, to observe NDR in the form of monolayer
MoS,, theoretical prediction has revealed that the material should be
more profoundly affected by sulfur (S) vacancy defects. In this work,
monolayer MoS, FETs with a specific amount of S-vacancy defects are
fabricated using three approaches, namely chemical treatment (KOH
solution), physical treatment (electron beam bombardment), and as-
grown MoS,. Based on systematic studies on the correlation of the
S-vacancies with both the device’s electron transport characteristics and
spectroscopic analysis, the NDR has been clearly observed in the defect-
engineered monolayer MoS, FETs with an S-vacancy (Vs) amount of
~5+ 0.5%. Consequently, stable NDR behavior can be observed at room
temperature, and its peak-to-valley ratio can also be effectively modu-
lated via the gate electric field and light intensity. Through these results,
it is envisioned that more electronic applications based on defect-
engineered layered TMDs will emerge in the near future.

Introduction

Since the discovery of the Esaki tunneling diode,"* the negative
differential resistance (NDR) effect has been widely applied in
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New concepts

In this research, defect-engineered monolayer MoS, field-effect transis-
tors are fabricated using physical and chemical treatments. Based on the
results of electrical characteristics and spectroscopic analysis to deter-
mine the amount of sulfur vacancy defects, the negative differential
resistance (NDR) can be reliably obtained in the monolayer MoS, FETs
with a sulfur vacancy amount of ~5 £ 0.5%. Furthermore, this NDR
behavior is stable at room temperature, and its peak-to-valley ratio can be
effectively modulated via the gate electric field and light intensity.

designing various devices such as logic switches,® computer
memory,”® and high-frequency oscillators.”® In addition to
typical semiconductor-based tunneling diodes, ultra-thin field-
effect transistors (FETs), fabricated with low dimensional mate-
rial channels, such as carbon nanotubes,”'® graphene'*™* or
graphite,’* have also been reported to exhibit NDR behavior.
Likewise, vertically-integrated two-dimensional (2D) layered
van der Waals (vdW) heterostructures that involve the recently
well-studied 2D transition metal dichalcogenides (TMDs),
among others, possess the NDR effect and have been docu-
mented in several material arrangements, including MoS,-MoTe,,"?
MoS,-WSe,,'®"” and MoS,-WSe,-graphene.'® However, to simplify
the fabrication process and to have more practical applications
in the future, it is better to possess the NDR effect at room
temperature using a single type of material via a simple method.
According to theoretical calculations in monolayer 2D materials,
the NDR effect is predicted to exist in the presence of, and be
more profoundly affected by, either deformations or defects
(such as S-vacancies in MoS,) rather than under defect-free
conditions.® Therefore, defect engineering in 2D materials
using several techniques, including molecular modulation,?
oxygen plasma,*! ion irradiation,>*>* or electron bombard-
ment,>>?® have been proposed to achieve NDR behavior.

In this work, initially, two post-treatment approaches are
used, namely soaking in alkaline solution (KOH) and electron
beam bombardment, to determine the amount of defects in
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monolayer MoS, that would cause NDR behavior. To evaluate
the correlation of the percentage of S-vacancy defects with the
electrical characteristics and spectroscopic analysis, we perform
electrical measurements, and carry out Raman, photolumines-
cence (PL), and X-ray photoemission spectroscopy (XPS) analysis
on monolayer MoS, that contains defects. Based on the results
of the abovementioned approaches, the NDR is observed in
the defect-engineered MoS, with an S-vacancy Vs amount of
~4.5-5% at room temperature. The amount of S-vacancies is
determined from the atomic S/Mo ratio in the experimental
XPS data.** Accordingly, using the direct growth method with a
specific amount of S-vacancies, the as-grown monolayer MoS,
FETs clearly show stable NDR behavior that can be actively modu-
lated via the gate electric field and light intensity. Density-
functional theory (DFT) simulations were also conducted to
confirm the occurrence of the NDR phenomenon at the said
amount of S-vacancies in monolayer MoS,. Therein, the band
structure will have additional defect states formed in the
bandgap, which will assist the electron tunneling. With the
NDR effect successfully observed in FETs formed using defect-
containing monolayer MoS,, given a specific amount of S-
vacancy defects, we believe that defect engineering on 2D
materials could attract more attention in exploring diverse
applications for quantum technologies in the future.

Results and discussion

Fig. 1a presents a schematic of defect-engineered monolayer
MoS,, where the red dashed circles indicate S-vacancies. The
defect-containing monolayer MoS, with a specific amount of

(a) (b)
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S-vacancies can be created using the three approaches high-
lighted in this work, in particularly, (a) chemical treatment with
KOH, (b) electron beam bombardment, and (c) control of the
S/Mo ratio during the chemical vapor deposition (CVD) synth-
esis process. In order to figure out the amount of S-vacancies
that can cause NDR behavior, we first study the PL and Raman
spectra (excitation with a 532 nm laser) of the KOH-treated
monolayer MoS, at various soaking times as shown, respec-
tively, in Fig. 1b and c. The interesting dependencies of the
optical properties of KOH-treated MoS, on the soaking time are
manifested by the exponentially decreasing behavior of the PL
intensity of the A excitons (blue squares) and the blueshift in
the peak energy position (red dots) as the soaking time is
increased, as shown in Fig. 1d.*>?* The blueshifting of the A
exciton peak can be attributed to the defect-induced strain on
the monolayer MoS,.”” To compare the Raman shifts, the
spectra are normalized to the intensity of the A, peak, as
presented in Fig. 1c. Consistent with previously reported
results, the separation between the E,, and A;, modes of
pristine monolayer MoS, is ~18.76 cm ™' at room temperature,
as presented in Fig. S1a of the ESL. 1 *® Fig. 1e demonstrates the
Raman shift as a function of the KOH soaking time, and shows
that the E,, peak (in-plane mode) redshifts and the A;, peak
(out-of-plane mode) blueshifts. A comparison of the overall
spectra, including the silicon peak for all conditions, is given
to address concerns about the influence of the measurement
setup. It turns out that the Si Raman peak measured in our
system remains at the same position, as demonstrated in
Fig. S1b of the ESL{ The redshifting of the E,,; peak and the
blueshifting of the A;, peak can also be attributed to defect-
induced strain.?”?°2° These phenomena are different from the
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Fig. 1 (a) Schematic illustrations of the pristine and defect-containing monolayer MoS, that contains S-vacancies indicated by red dashed circles.
(b and c) Photoluminescence (PL; b) and Raman (c) spectra of monolayer MoS, treated with KOH for varying soaking times. (d) PL intensity and photon
energy of the A exciton as a function of soaking time, showing a decrease in intensity (blue squares) and a blue shift (red dots), respectively, with
increasing soaking time. (e) Raman shift as a function of soaking time, displaying the redshifting of the E;q mode and the blueshifting of the A;4 mode.

The error bars for three samples are shown in (d) and (e).
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electron doping effect, which may result in an almost unaffected
E,, peak and a redshifted A, peak.” Similar defects that affect
the Raman shifts have also been discussed in monolayer MoS,
treated using ion**** or electron®® irradiation.

To evaluate the percentage of S-vacancies in the KOH-treated
MosS, at various soaking times, we exhibit the evolution of the
XPS spectrum in the Mo 3d (left panel) and S 2p (right panel)
regions, recorded from pristine MoS, (bottom panel) to the
90 minute-treated (top panel) samples as demonstrated in
Fig. 2a. The additional peaks of Mo 3d;, and Mo 3ds,, that
appear at slightly lower binding energy values for the 90 minute
treatment (top panel) correspond to the defect-containing MoS,
with S-vacancies.>”* For the semiquantitative analysis of the
S/Mo ratio, the XPS spectra are fitted with Lorentzian functions
to acquire the area underneath the curves and the S/Mo ratio is
normalized to 2, assuming that the S-vacancy in pristine MoS,
is negligible. By following the equation proposed by Bertolazzi
et al.,>* the S-vacancy (Vs) amount can be expressed as Vg =
1 — r/2, where r is the S/Mo ratio. Fig. 2b exhibits a decrease in
the normalized S/Mo ratio (left y-axis) and an increase in Vg
(right y-axis) with increasing soaking time. With these observed
relationships, it can be said that, in Fig. 2c, the peak positions
of both Mo 3ds/, and S 2pj3, shift to lower binding energies with
an increasing amount of S-vacancies, resulting in metallic-like
behavior.”> Accordingly, to further verify whether the afore-
mentioned defect-induced phenomena also exist in the other
two defect-engineered techniques, we also performed XPS
experiments on the electron-beam-bombarded MoS,. After
testing several electron beam bombardment conditions (as
displayed in Fig. S2, ESIf), we irradiated monolayer MoS,
at varying dosages under a fixed electron acceleration voltage
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(Vace = 15 kV) and current (I = 0.49 nA) as presented in Fig. S3 of
the ESI.f The XPS results of the electron-beam-bombarded
MosS, are consistent with the results observed in the chemically-
treated MoS,, wherein a decreasing normalized S/Mo ratio is
accompanied by a lowering binding energy as the e-beam dosage
is increased (more details can be seen in Fig. S4, ESIT).

Based on the aforementioned results that include PL,
Raman and XPS, defect-engineered MoS, FETs with an appro-
priate amount of S-vacancies can be controlled and adopted to
observe NDR behavior using either chemical or physical treat-
ments. Fig. 3a-c present the I4-V, characteristics of three MoS,
FET devices, which are chemically treated with KOH in 0, 15 and
30 minute durations, respectively, corresponding to S-vacancies
from 0 to 4.5%. The optical microscope (OM) images of the mea-
sured devices are shown in the insets. The I4-V, curves progres-
sively become less gate dependent when the duration of the
treatment is lengthened, indicating a transition from semi-
conducting to metallic-like properties. This result can be attri-
buted to the defect states induced by the S-vacancies, which
may shift the Fermi level toward the conduction band edge,
resulting in metallic-like behavior.>*?® Accordingly, Fig. 3d-f
display the corresponding I4-V, characteristics, respectively,
where the NDR effect can be seen clearly in Fig. 3f. It turns
out that with a specific amount of S-vacancies (~4.5%), similar
results can also be observed in another 30 minute KOH-treated
device presented in Fig. S5 (ESIt). The inset shown in Fig. 3f
displays the shifting of the NDR peak positions, which is
represented by the correlating bias voltage versus the applied
gate voltage. It shows the linear dependence of the NDR peak
positions to the gate voltage in the range of —60 V to + 40 V. The
gate voltage could possibly shift the Fermi level and align it
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Fig. 2 (a) X-ray photoemission spectroscopy (XPS) of Mo 3d (left panel) and S 2p (right panel) at various KOH soaking times. (b) Normalized S/Mo ratio
and S-vacancy (Vs) as a function of soaking time showing an increasing percentage of Vs with increasing soaking time. (c) Peak positions of Mo 3ds,, and

S 2ps,2 shift to lower binding energy values with increasing soaking time.
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Fig. 3 (a—c) lq—Vy characteristics of the MoS, FET devices showing an evolution from semiconducting to metallic-like behavior with increasing KOH
soaking time (0, 15 and 30 minutes, respectively). The insets show the OM images of the respective measured devices. (d-f) Corresponding /4—Vq
characteristics demonstrating typical n-type semiconducting behavior. The NDR effect appears in the metallic-like MoS, device as shown in (f), in which
the inset displays the peak positions, represented by their corresponding bias voltage versus gate voltage showing a linear correlation.

with the defect/quantum states, causing more tunneling electrons,
while the increasing bias voltage may generate more diffusing
holes. Consequently, the competition between electrons and
holes could result in a shifting of the NDR peak position with
increasing V,.'*'"*” To prove that the S-vacancies in defect-
containing MoS, could result in defect states that can further
affect the device’s electron transport, we also performed elec-
trical measurements on devices bombarded with different
electron beam dosages and observed the resulting NDR beha-
vior at a dosage of ~5 x 10°> uC cm™ 2, which corresponds to Vg
~x 5% (determined from Fig. S4b, ESIt), as demonstrated in
Fig. S6 (ESIT). However, the electrical signal becomes noisy due
to the severe damage caused by the physical electron beam
bombardment.

In order to minimize the noisy signal caused by the damage
caused by the electron beam bombardment, using as-grown
monolayer MoS, with specific amounts of S-vacancies is an
appropriate method to achieve stable NDR behavior. We thus
synthesized such MoS, flakes with a particular range of S/Mo
ratios using the CVD method under low S supply conditions.*®
Accordingly, the as-grown monolayer MoS, samples with dif-
ferent amounts of S-vacancies, from ~1% to ~6%, along with
their corresponding XPS results are shown in Fig. S7 (ESIT).
Based on the aforementioned results of NDR behavior under
the specified S-vacancy conditions, we intentionally fabricated
such a MoS, device with Vs & 5%, which was precisely deter-
mined through its XPS data shown in Fig. S8 (ESIf). In this
device, the observation of NDR can be seen in the I;-V, curves
at different gate voltages without light illumination, as shown
in Fig. 4a, while a clearer NDR performance is perceived at a
fixed gate voltage V, = +10 V with different light illumination
power values as presented in Fig. 4b. A larger peak to valley

1536 | Nanoscale Horiz., 2022, 7, 1533-1539

ratio is observed since more majority carriers can be induced in
the n-type monolayer MoS, at either V, =+10 V or at higher light
illumination powers. More details of the device’s electrical
characteristics at different light power values and gate voltages
can be seen in Fig. S9 (ESIf). Additionally, another as-grown
MoS, FET with Vs ~ 4.5%, identically confirmed by XPS data,
also exhibits NDR behavior, as presented in Fig. S10 (ESIT).
Consequently, by growing to achieve a certain range of
S-vacancies (~5 £ 0.5%), the NDR behavior can be reproduced
in another MoS, device, as displayed in Fig. S11 (ESIf). Since
the competition between the field-dependent carrier density
and the drift velocity determines whether or not the NDR can
be observed, we speculate that the defect states at the interface
between MoS, and the electrodes affect the contact resistance,
which could further dominate the tunneling mechanism."**°
However, the hugely different current level appearing in the
two types of device, namely the KOH-treated MoS, and the
as-grown MoS,, which correspond to pA and pA current levels,
respectively, is probably due to either the channel resistance or
contact issues. It is obvious that the devices with a shorter
channel length of ~2 um have a higher current level, as shown
in Fig. 3a-c, than that with a longer channel length of ~65 um,
as presented in Fig. 4a. Furthermore, according to ref. 40 and
our recent experimental results, using semimetallic bismuth
(Bi) instead of titanium (Ti) as the buffer layer of the electrodes
can achieve almost ohmic contact behavior. Therefore, we
believe that the devices designed and fabricated with the
shorter channel length and Bi-MoS, contacts can help to reach
a higher current level for approaching the requirement of real
applications.

In order to figure out the possible mechanism, the density of
states (DOS) of monolayer MoS, with S-vacancies is evaluated

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) I4—Vq4 curves at different gate voltages without light illumination. The inset presents the OM image of the measured device. (b) I4—V4 curves
illuminated with different light power values at a fixed gate voltage Vy = +10 V. (c and d) Density of states (DOS) of pristine monolayer MoS; and that with
Vs ~ 4.2%, respectively. (e—g) Schematics of band diagrams for different stages of the NDR mechanism.

and a density-functional theory (DFT) simulation is performed
using the Vienna ab initio simulation package (VASP).*"*?
Fig. 4c and d present the simulated DOS of monolayer MoS,
for the pristine sample and that with Vs ~ 4.2%, respectively, in
which an additional defect-induced DOS can clearly be seen in
the band gap as illustrated in Fig. 4d. A similar defect-induced
DOS is obtained for Vg from ~4 to 6%, and it could be
responsible for the observation of the NDR behavior. More
details about the simulated DOS of MoS, from pristine condi-
tion up to that with Vg ~ 12.6% are presented in Fig. S12 (ESIt),
wherein the energy bands move toward to the Fermi level and
the number of defect states increases in the bandgap with
increasing S-vacancies.*® Consequently, the increasing number
of defect states helps more electrons to tunnel through the
barrier causing the defect-containing MoS, FETs to exhibit
metallic-like properties. To clearly understand the potential
mechanism for NDR behavior, the band diagrams are proposed
as demonstrated in Fig. 4e-g. Fig. 4e is the band diagram at
thermal equilibrium conditions for MoS, with an appropriate
number of S-vacancies contacted with the metal of Ti, in which
an additional defect-induced state is located in the band gap.
When a small bias voltage (V4) is applied to the device with a
suitable gate voltage (V,), the defect-induced state will be
aligned to the Fermi level of Ti. Subsequently, the current (I4)
will increase due to both the thermionic emission and reso-
nance tunneling mechanisms as presented in Fig. 4f. However,
if the bias voltage (V) is increased slightly further, the defect-
induced state is not aligned with the Fermi level of Ti, and only
thermionic emission contributes to the electron transport as
demonstrated in Fig. 4g, leading to the decreased current

This journal is © The Royal Society of Chemistry 2022

forming an NDR peak as shown in Fig. 4a and b. Therefore,
with an appropriate amount of S-vacancies, the NDR behavior
can be theoretically predicted and experimentally observed.

Conclusions

The NDR effect is observed in monolayer MoS, FETs via defect
engineering approaches, including chemical treatment with
KOH, electron beam bombardment, and as-grown MoS, with
a specific amount of S-vacancies. Based on systematic studies
for the correlation of the S-vacancies with both the electrical
characteristics and spectroscopic analysis (PL, Raman and XPS),
the NDR effect has been clearly observed at room temperature in
defect-engineered monolayer MoS, FETs with Vs ~ 5 £ 0.5%.
Moreover, stable NDR behavior can also be effectively modulated
via the gate electric field and light intensity. We believe that these
results may provide an alternative route to develop more electro-
nic applications based on defect-containing monolayer TMDs in
the future.

Methods

Material synthesis

MoS, was synthesized on a sapphire substrate via the chemical
vapor deposition (CVD) method at 190 °C. Initially, molybdenum
trioxide (MoO;) powder was placed in a quartz boat located at the
heating zone center of the furnace, and the sapphire substrate was
placed next to the quartz boat. Sulfur (S) powder was prepared in
another quartz boat at the upstream side of the furnace. An argon

Nanoscale Horiz., 2022, 7,1533-1539 | 1537
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gas flow was then used to bring both the S and MoO; vapors
towards the sapphire substrate.

Device fabrication

After synthesizing the monolayer MoS,, PMMA was coated on
the MoS, film at a spin speed of 4000 rpm for 55 seconds. The
sapphire/MoS,/PMMA substrate was subsequently immersed in
an ammonia solution for one to two hours to separate the
MoS,/PMMA film from the sapphire substrate.*>** After trans-
ferring the MoS,/PMMA film onto the Si/SiO, substrate, the
PMMA protection layer was removed using acetone. The sample
was then immersed in an N-methyl-2-pyrrolidone solution for
wet cleaning to remove residues or contamination on the MoS,
surface.*”> A new layer of PMMA was coated on the Si/Si0,/MoS,
substrate at a spin speed of 4000 rpm for 55 seconds for the
e-beam lithography process. Finally, the Ti (20 nm)/Au (50 nm)
electrodes were deposited using a thermal evaporator.

XPS experiments

The XPS data for KOH-treated MoS, were recorded using a
Thermo Fisher Scientific Theta Probe at the Taiwan Semiconduc-
tor Research Institute. Monochromatic anode X-rays (1486.6 eV
photon energy) were focused down to ~15 pm. Additionally, the
XPS data for e-beam bombarded MoS, and as-grown MoS, were
obtained using the scanning photoelectron microscopy (SPEM)
endstation at beamline 09A1 of the National Synchrotron Radia-
tion Research Center’s Taiwan Light Source. Monochromatic soft
X-rays (400 eV photon energy) were focused down to ~200 nm
using Fresnel-zone-plate-based focusing optics. By raster-scanning
the sample relative to the focused beam and collecting the
photoelectrons, SPEM can produce the surface elemental distri-
bution image. Based on the SPEM image, we moved the focused
beam to a specific location of interest to record the high-
resolution photoelectron spectra of the microscopic area.
All samples were annealed at about 450 K for 8 hours prior to
SPEM measurement. The measurements were recorded under
ultra-high vacuum (UHV) conditions near 300 K.

Density functional theory simulations

The density of states (DOS) for monolayer MoS, with different
S-vacancy concentrations was investigated through density-
functional theory (DFT) simulations using the Vienna ab initio
simulation package (VASP). A 3 x 4 x 1 supercell of MoS, with a
vacuum layer of 18 A was used as a good approximation for the
isolated 2D slab. An 11 x 11 x 1 k-points and a 500 eV cut-off
energy were selected in all supercells. The relaxed lattice con-
stant of monolayer MoS, without sulfur vacancies is 3.18 A. The
DOS of MoS, with sulfur vacancies ranging from 4.2% to 12.6%
was then calculated by removing one to three sulfur atoms in
the 3 x 4 x 1 supercell.
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