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ABSTRACT: In this study, we propose a method for
improving the stability of multilayer MoS2 field-effect
transistors (FETs) by O2 plasma treatment and Al2O3
passivation while sustaining the high performance of bulk
MoS2 FET. The MoS2 FETs were exposed to O2 plasma for 30
s before Al2O3 encapsulation to achieve a relatively small
hysteresis and high electrical performance. A MoOx layer
formed during the plasma treatment was found between MoS2 and the top passivation layer. The MoOx interlayer prevents the
generation of excess electron carriers in the channel, owing to Al2O3 passivation, thereby minimizing the shift in the threshold
voltage (Vth) and increase of the off-current leakage. However, prolonged exposure of the MoS2 surface to O2 plasma (90 and
120 s) was found to introduce excess oxygen into the MoOx interlayer, leading to more pronounced hysteresis and a high off-
current. The stable MoS2 FETs were also subjected to gate-bias stress tests under different conditions. The MoS2 transistors
exhibited negligible decline in performance under positive bias stress, positive bias illumination stress, and negative bias stress,
but large negative shifts in Vth were observed under negative bias illumination stress, which is attributed to the presence of sulfur
vacancies. This simple approach can be applied to other transition metal dichalcogenide materials to understand their FET
properties and reliability, and the resulting high-performance hysteresis-free MoS2 transistors are expected to open up new
opportunities for the development of sophisticated electronic applications.
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1. INTRODUCTION

The recent demands for high-performance thin-film transistors
(TFTs) have triggered investigations on high-mobility semi-
conductors, especially for applications in flat-panel displays and
flexible electronics.1−5 Amorphous hydrogenated silicon (a-
Si:H) is the most commonly used semiconductor in active
matrix liquid-crystal displays; however, the relatively low field-
effect mobility of a-Si:H TFTs (∼1 cm2 V−1 s−1) limits the
resolution of flat-panel displays to a certain extent.6 In this
respect, low-temperature polycrystalline silicon devices, which
exhibit practical mobility values exceeding 50 cm2 V−1 s−1, have
been considered as alternatives; yet, their high manufacturing
costs prevent their universal application.7 Graphene exhibits an
extremely high electron mobility (∼20 000 cm2 V−1 s−1) but
does not possess a forbidden energy band gap, which makes it
impossible to implement this attractive material into practical
switching devices.8 A class of high-mobility semiconductors that
has recently attracted significant attention is two-dimensional
(2D) transition metal dichalcogenides (TMDs); these are
considered potential substitutes for graphene.9 Two-dimen-
sional TMDs exhibit layered structures consisting of mono-

layers, similar to graphene sheets stacked on top of each other,
interacting via interplanar van der Waals forces.10 Unlike
graphene, TMDs have forbidden energy band gaps, which
implies that they are more likely to be successfully implemented
into practical thin-film devices.11

Molybdenum disulfide (MoS2) is by far the most intensively
studied 2D TMD. Many research groups have developed
methods to prepare MoS2 thin films using processes that are
compatible with the vacuum-based techniques used in modern
semiconductor technology.12,13 Furthermore, several TFT
devices incorporating MoS2 semiconductors have been
demonstrated, with high on-/off-current ratios and high field-
effect mobilities.14−17 Therefore, 2D TMDs are expected to
open up new opportunities in fields that require thin-film
devices with high electrical performance, such as high-
resolution displays. However, despite the excellent electrical
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properties, hysteresis effects are frequently observed in the TFT
transfer characteristics.
It is well-known that the vacancies in the basal plane and

edges of MoS2 exhibit high catalytic activities with respect to
oxygen (O2) and water (H2O) chemisorptions.18 The effects of
O2 and H2O on the properties of MoS2 transistors have been
studied by several research groups. Qiu et al. reported that
back-gated bilayer MoS2 field-effect transistors (FETs) are
sensitive to ambient O2 and H2O, which may degrade the
devices’ on-state conductivity and field-effect mobility.19 In
addition, Late et al. demonstrated that the hysteresis in MoS2
transistors mainly originates from moisture adsorption on the
MoS2 surface.20 Li et al. investigated the scaling behavior of
hysteresis in multilayer MoS2 FETs and suggested that such a
phenomenon occurs as a result of electron trapping and
detrapping processes using multiple gate-bias values.21 Thus, to
suppress the hysteresis effect, it is necessary to efficiently isolate
the semiconductor surface from external contaminants with
appropriate passivation layers such as aluminum oxide (Al2O3)
or hafnium oxide (HfO2) grown by atomic layer deposition
(ALD). The latter films may enhance the electrical performance
of the devices; however, they may also induce a strong n-type
doping effect, which increases the leakage current.22−24

O2 plasma treatment is a very simple and convenient process
used for etching, doping, and surface treatements.25,26 Yang et
al. found that the surface coverage of Al2O3 and HfO2 films
could be improved due to the formation of an ultrathin Mo-

oxide layer on the MoS2 surface during O2 plasma treatment.
27

The O2 plasma was suggested to induce more adsorption sites
on the modified MoS2 surface, which enabled a relatively
uniform deposition of the high-k dielectric layers. In addition,
Yang et al. demonstrated that oxygen-related species produced
during remote O2 plasma treatment would physically adsorb
onto MoS2, thus promoting the uniform deposition of Al2O3,
accompanied by enhanced field-effect mobility.28 However, the
exact reason for such improvements in device performance was
not discussed. Therefore, it is critical to develop an appropriate
process that suppresses the hysteresis phenomenon while
preserving the electrical performance of the MoS2 transistors.
In this study, we investigated the effect of O2 plasma

treatment on the properties and stability of MoS2 transistors
passivated with Al2O3. Owing to the lack of dangling bonds, the
surface of MoS2 is usually hydrophobic. However, with
appropriate O2 plasma treatment, the surface may be rendered
relatively hydrophilic and an oxide passivation layer may be
grown on it. Furthermore, we demonstrate that the MoS2
transistors fabricated with an ALD-grown Al2O3 passivation
layer without any preliminary plasma treatment exhibit on/off
ratios of only ∼102. On the other hand, exposure of the MoS2
surface to O2 plasma results in transistors with on/off ratios
between 104 and 105, accompanied by an approximately 60%
increase in their field-effect mobility. Such transistors without
hysteresis exhibit good stability under a positive bias
illumination stress (PBIS); however, negative shifts in the

Figure 1. (a) Optical microscopy image and (b) AFM image of a multilayer MoS2 device fabricated on a Si/SiO2 substrate. (c) Three-dimensional
schematic illustration of the O2 plasma treatment of the MoS2 device and subsequent encapsulation with ALD Al2O3.
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threshold voltage (Vth) are observed under a negative bias
illumination stress (NBIS).

2. EXPERIMENTAL SECTION
2.1. Device Fabrication and Measurements. Multilayer MoS2

flakes were mechanically exfoliated from a bulk MoS2 crystal (SPI
Supplies) using a Scotch tape. The exfoliated MoS2 flakes were
transferred onto silicon substrates covered with 300 nm thick
thermally grown silicon oxide (SiO2). To remove the chemical residue
during the transfer process, the Si substrates were immersed in acetone
for 2 h and then rinsed with isopropyl alcohol and dried. The MoS2
transistors were fabricated by conventional photolithography and liftoff
method. The source−drain electrodes were formed by sequentially
depositing 20 nm thick titanium and 100 nm thick gold by electron-
beam evaporation. The silicon substrates themselves were used as
global back-gate electrodes.
Al2O3 passivation films were grown by ALD to protect the MoS2

devices from O2 and H2O in the ambient atmosphere. An NCD model
instrument by Lucida 100 was used for the ALD process.
Trimethylaluminum (TMA) and deionized water were used as the
precursors, and high-purity N2 (99.9999%) was used as both carrier
and purge gases. To ensure full coverage of the MoS2 devices by Al2O3,
ALD processes were performed over 400 cycles, leading to the
formation of ∼40 nm thick Al2O3 layers. The ALD sequence of an
Al2O3 growth cycle is H2O (0.2 s)/N2 (10 s)/TMA (0.2 s)/N2 (10 s).
The deposition temperature was kept at 200 °C, and the pressure of
the ALD chamber was maintained at ∼5 × 10−2 Torr. To open the
source and drain regions, contact holes were patterned by conven-
tional photolithography and the exposed Al2O3 was removed by a wet
etch process using a buffered oxide etchant. To minimize the contact
resistance of the devices, the transistors were annealed in an Ar
environment at 200 °C for 2 h.
2.2. Oxygen Plasma Treatment. The O2 pretreatments were

performed using a reactive ion etching method onto as-fabricated
MoS2 FETs at an O2 gas-flow rate of 30 sccm and a power of 150 W
for 30, 60, 90, and 120 s.

2.3. Characterization. Multilayer MoS2 flakes were transferred
onto Si/SiO2 substrates for optical microscopy, atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and
Raman and transmission electron microscopy (TEM) studies. Optical
images were obtained using an optical microscope (BX51M, Olympus
Co.). AFM images were obtained by an atomic force microscope
(XE7, PSIA) using a noncontact mode. XPS measurements were
performed using an XPS spectrometer (ThermoVG, U.K.) with an Al
Kα X-ray radiation (1486.6 eV). The working pressure in the ultrahigh
vacuum chamber for measurement was maintained below 3 × 10−9

mbar. An Ar+ ion gun was used to clean the surfaces of the samples, for
which the acceleration voltage and current were kept at 20 kV and 15
mA, respectively. For each sample, the Ar+ ion etching time was 15 s.
The binding energies were calibrated with the C 1s peak centered at
284.5 eV. Raman spectra were obtained using a Raman spectrometer
(Invid Raman microscopy, Renishaw) with a laser excitation at 523
nm. For TEM analysis, specimen preparation from the multilayer
MoS2 films exposed to O2 plasma treatment followed by Al2O3
passivation was performed using an FEI Helios NanoLab 650 dual-
beam focused ion beam system. Cross-sectional TEM images were
obtained using an S/TEM FEI Titan Cubed 60-300. The electrical
properties of the devices were characterized using a semiconductor
characterization system (Keithley 4200).

3. RESULTS AND DISCUSSION

Figure 1a shows a top-view optical micrograph of a bottom-gate
MoS2 FET. The thickness of the MoS2 flake measured by AFM
is approximately 50 nm (see Figure 1b). The thickness of the
multilayer MoS2 flakes used in this work is in the range of 40−
100 nm. Figure 1c shows a three-dimensional (3D) schematic
of a MoS2 FET treated with O2 plasma and then encapsulated
with an Al2O3 layer.
It is well-known that O2 and H2O in the ambient atmosphere

adsorb onto the surface of the MoS2 channel, leading to a large
hysteresis due to charge trapping (see the blue curve in Figure
2a).20 After the deposition of Al2O3, the transfer curves exhibit

Figure 2. Transfer characteristics of the Al2O3-encapsulated MoS2 devices (a) without and (b) with O2 plasma treatment for 30 s before
encapsulation compared to those of pristine MoS2 devices (Vds = 1 V; solid and hollow symbols represent the forward and reverse sweeps,
respectively). (c) XPS and (d) Raman spectra of pristine and 30 s plasma-treated (PT) MoS2.
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a significantly reduced hysteresis behavior (see the orange curve
in Figure 2a). Here, while the on-current increases, the Vth

value also shifts considerably in the negative direction. The
results indicate that either O2 or H2O molecules, which induce
hysteresis, have been successfully eliminated by ALD
passivation, and the positive fixed charges inside Al2O3 are
highly likely to have induced the generation of excess electrons
in the MoS2 channel underneath.24 The latter effect is
manifested as an increase in the on-current. Although both
phenomena are consistent with previous reports, the
accompanying increased off-current and negative Vth shift are
undesirable side effects.
To resolve this issue, the MoS2 channel was pretreated with

O2 plasma before Al2O3 encapsulation. This sequence of
treatment results in transfer curves (red curve in Figure 2b)
with a relatively small hysteresis of approximately 0.8 V. In
addition, the on-current is relatively unaltered, whereas the off-
current increases by only 1 order of magnitude. The field-effect
mobilities of MoS2 FETs shown in Figure 2a,b are listed in
Table S1 in Supporting Information. To understand the effects
of the O2 plasma treatment, it is important to investigate any
possible modifications it might have induced on the MoS2
surface. Figure 2c shows the XPS spectra of pristine and 30 s

plasma-treated (PT) MoS2. The XPS spectrum of the pristine
MoS2 indicates the presence of two strong doublet peaks at
229.3 and 232.4 eV corresponding to Mo4+ 3d signals and two
additional peaks at 162.1 and 163.3 eV corresponding to S2− 2p
signals.29,30 However, the MoS2 layer after 30 s exposure to O2

plasma exhibits Mo4+ 3d and S2− 2p peaks with significantly
decreased intensities. However, a high-intensity doublet appears
at the higher binding energies of 232.7 and 235.8 eV, which
corresponds to Mo6+ 3d.31 Also, new peaks are observed at
168.5 and 169.7 eV, corresponding to S6+ 2p (S−O bonding).
The above results indicate that the MoS2 surface becomes
oxidized during the O2 plasma treatment to yield MoOx

products with higher oxidation states, most likely MoO3.
The MoS2 surfaces before and after the plasma treatment for

30 s were also investigated using Raman spectroscopy. The
Raman spectra (Figure 2d) indicate no apparent change in the
intensity or peak position of the intense E1

2g and A1g peaks,
suggesting that negligible lattice disorders or defects are
introduced by the O2 plasma treatment.32,33 Therefore, it is
reasonable to conclude that the transfer characteristics of the
MoS2 devices are mostly influenced by the formation of a
MoOx interlayer between MoS2 and Al2O3, which minimizes
the generation of excess electron carriers in the channel.

Figure 3. Transfer characteristics of the MoS2 devices after different O2 plasma exposure times followed by Al2O3 encapsulation (Vds = 1 V). The O2
plasma treatment times are (a) 60, (b) 90, and (c) 120 s. The solid and hollow symbols represent the forward and reverse sweeps, respectively.

Figure 4. Cross-sectional TEM images of the (a) 30 and (b) 120 s PT MoS2 after Al2O3 passivation. XPS spectra of the vacuum-annealed (c, d) 30
and (e, f) 120 s PT MoS2 (c, e) before and (d, f) after Ar+ ion etching.
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To optimize the plasma treatment conditions, the exposure
time was increased to 60, 90, and 120 s at a fixed power of 150
W, and the samples are denoted 60, 90, and 120 s PT MoS2,
respectively. In the 60 s PT MoS2 devices (see Figure 3a), the
magnitude of the hysteresis is almost identical to that of the
devices treated for 30 s. However, as the treatment time
increases further to 90 and 120 s, the magnitude of the
hysteresis increases (see Figure 3b,c). In particular, after 120 s
of plasma treatment, the observed hysteresis is comparable to
that of the devices before plasma treatment, whereas the off-
current increases by 3 orders of magnitude. Here, it is
speculated that physical damage begins to occur within the
MoS2 semiconductor, which creates leakage paths.34 Statistical
distributions of the devices’ performances obtained from 59
representative MoS2 FETs are also shown and discussed in the
Supporting Information (Figure S1).
All of the hysteresis phenomena in the transfer characteristics

occur in the clockwise direction, which implies that the back-
sweep current (the gate voltage is swept from positive to
negative values) is lower than the forward-sweep current (the
gate voltage is swept from negative to positive values).
According to previous studies, this phenomenon is generally
reported to originate from carriers being trapped in the channel
near the gate insulator−semiconductor interface.35 An excessive
O2 plasma treatment is highly likely to have introduced a large
density of charge traps. In MoS2 FETs, the carriers may be
trapped at the surface of MoS2, within the MoS2 bulk, at the
interface between MoS2 and the underlying gate insulator SiO2,
or in the gate dielectric bulk.21 In the present work, it is highly
likely that the hysteresis effects arise from the trapping
occurring at the MoS2 top surface because O2 plasma treatment
and Al2O3 passivation mainly affect the MoS2 surface and
influence the different hysteresis behavior of the FETs to a large
extent. High-resolution TEM was used to characterize the cross
sections of the MoS2 devices passivated with ALD Al2O3 after
O2 plasma treatment for 30 and 120 s. In Figure 4a, in the
sample treated with O2 plasma for 30 s, the MoS2 surface used
for Al2O3 growth is observed to be covered with dark dotlike
features. With a longer plasma treatment time (120 s), the dark
dots become larger, eventually covering the entire MoS2 surface
(see Figure 4b). The average size of the dark dots increases
from approximately 2−5 nm as the O2 plasma treatment time is
increased from 30 to 120 s.
XPS analyses were performed to investigate the chemical

composition of the dark dots on the surface of the PT MoS2. As
the Al2O3 layer is deposited at 200 °C in vacuum, the ALD
process also has a vacuum annealing effect on PT MoS2, which
may lead to the formation of more stable chemical states. To
simulate the vacuum annealing process during ALD, the PT
MoS2 films were annealed at 200 °C for 2 h in vacuum before
XPS analysis. As shown in Figure 4c,e, the spectra of the 120 s
PT MoS2 are similar to those of the sample treated for 30 s but
the peaks are broader, which may be attributed to the physical

damage introduced by the prolonged plasma treatment. In
addition, apart from the Mo4+ 3d and Mo6+ 3d peaks, two
doublet peaks at 231.6 and 234.7 eV corresponding to Mo5+ 3d
(Mo−O bonding) are observed. The two new peaks were not
observed in the 30 s PT MoS2 without annealing (Figure 2c).
Therefore, here it is concluded that, owing to oxygen
desorption, Mo6+ was reduced to Mo5+ during vacuum
annealing. We also analyzed the two samples by Raman
spectroscopy (see Figure S2 in Supporting Information). Both
samples exhibit typical E1

2g and A1g peaks, but the peak
intensities in the 120 s PT MoS2 are obviously weaker. This is a
strong evidence of the structural destruction and physical
damage induced during prolonged plasma treatment, which is
also consistent with the XPS results.
To investigate the chemical composition of the dark-dot

layer, the uppermost layers of the 30 and 120 s PT MoS2
surfaces were etched using an Ar+ ion gun under the same
conditions. Because of the thinness of the MoOx layer formed
by the 30 s plasma treatment, mild etching was performed; the
etching depth was approximately 1.5−2 nm. After etching away
the top surface, the differences between the two samples were
observed in the XPS spectra (Figure 4d,f). For the MoS2
treated for 30 s, the Mo6+ 3d (Mo−O bonding) peaks are
relatively less intense and the Mo4+ 3d (Mo−S bonding) peaks
are dominant (Figure 4d). However, in the MoS2 treated for
120 s, the high valence state peaks, viz., Mo6+ 3d and Mo5+ 3d
(Mo−O bondings), are more pronounced (Figure 4f). Such
results indicate that the MoOx interlayer grows as the O2
plasma treatment is carried out, which is consistent with the
TEM observations. In addition, after Ar+ ion etching, the S6+ 2p
peaks are no longer observed in both samples, which implies
that the S−O bonds are generated only on the top surface of
the PT MoS2 layers.
Table 1 lists the atomic fractions of the various valence

species in the MoS2 films that were plasma-treated for 30 and
120 s, before and after Ar+ ion etching. The XPS spectra in the
C 1s and O 1s regions are shown in Figures S3 and S4,
respectively. In Figure S3a,b, before Ar+ ion etching, the C 1s
spectra are resolved into four peaks centered at 284.5, 285.8,
286.7, and 288.7 eV, which are assigned to carbon in the form
of C−C, C−O, CO, and OC−O bondings, respectively.36

However, after Ar+ ion etching, the spectrum shows only C−C
boding in the 30 s PT MoS2 (see Figure S3c) and the C 1s
signal does not even appear in the spectrum of the 120 s PT
MoS2 (see Figure S3d). In Figure S4a,b, before Ar+ ion etching,
the O 1s spectra could be resolved into three peaks centered at
530.7, 532.1, and 533.4 eV, which are attributed to lattice
oxygen, oxygen-deficient regions, and surface oxygen, respec-
tively.37,38 However, after Ar+ ion etching, the surface oxygen is
eliminated in both PT MoS2 samples (Figure S4c,d). This
indicates that all of the oxygen atoms bond with Mo in the 30
and 120 s PT MoS2 after Ar+ ion etching. According to the
above results, a balance equation can be written as 4F(Mo4+) +

Table 1. Atomic Fraction of the Various Valance Species in the Vacuum-Annealed 30 and 120 s PT MoS2 before and after Ar+

Ion Etching

C (%) Mo4+ (%) Mo5+ (%) Mo6+ (%) S2− (%) S6+ (%) O (%) ΔO/O (%)a

30 s PT MoS2 before etching 45.81 0.75 1.91 4.94 1.85 1.83 42.91
after etching 4.66 10.49 5.52 5.80 18.18 55.35 38.57

120 s PT MoS2 before etching 40.19 0.47 1.58 2.31 1.03 1.00 53.42
after etching 2.31 2.89 4.37 4.85 85.58 76.51

aΔO is obtained by subtracting the amount of oxygen required for balancing all other species from the oxygen fraction detected in the samples.
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5F(Mo5+) + 6F(Mo6+) − 2F(S2−) − 2F(O2−) = 0 for the two
PT MoS2 samples obtained after Ar+ ion etching.29 ΔO is
defined as the difference between the amount of O2− required
for balancing all other species and the O2− fractions detected in
the MoOx layers. On the basis of the balance equation, it may
be inferred that both the PT MoS2 samples after Ar+ ion
etching contain excess O2− (ΔO > 0). The MoS2 film treated
for 120 s contains a larger amount of O2− than that in the one
treated for 30 s. The negatively charged O2− ions are
anticipated to counter the positive fixed charge in ALD
Al2O3, thus minimizing the n-type doping effects on MoS2
FETs. A prolonged plasma treatment introduces excess O2−

into the MoOx interlayer, which may contain charge traps that
induce hysteresis effects, as shown in Figure 3c.
The combination of O2 plasma treatment for 30 s and the

subsequent application of an ALD Al2O3 passivation results in
electrically stable FETs with regard to hysteresis. To further
evaluate the device stability under ambient conditions, the
MoS2 transistors passivated with Al2O3 after 30 s of O2 plasma
treatment were subjected to gate-bias stress tests under
different conditions: positive bias stress (PBS) and PBIS with
a top light source of 1500 lx luminance and negative bias stress
(NBS) and NBIS with a 1500 lx light source. For comparison,
the PBS and NBS tests were also carried out on a pristine MoS2
FET shown in Figure S5 in the Supporting Information. A gate
voltage of 12 V was applied for PBS and PBIS and −40 V was
applied for NBS and NBIS. The transfer characteristics (Vds = 1
V) of the device were collected every 10 min during the stress
tests, for a total duration of 120 min. Under PBS and PBIS, the
MoS2 transistor exhibits no apparent performance deterioration
with a negligible Vth shift, which suggests that a relatively minor
trapping of the majority electron carriers occurs at the MoS2−
SiOx interface or on the top surface of the MoS2 layer (see
Figure 5a,b).39,40 The device degradation under NBS is also

negligible because MoS2 is a typical n-type semiconductor and
does not contain hole carriers in the dark state; therefore, no
net trapping of positive charge is anticipated (see Figure 5c).19

However, a significant Vth shift toward negative values is
observed with the introduction of visible light (NBIS, Figure
5d), which may result from the presence of sulfur vacancy
defects (VS).

41 At this point, it is inferred that sulfur vacancies
may ionize via interaction with the incident photons (VS + hν
→ VS

2+ + 2e−) so that they either act as net positive charge traps
or release excess electrons that lead to more negative Vth
values.42 To understand the behavior of the sulfur vacancy
under illumination, further analysis involving density functional
theory calculations is required.

4. CONCLUSIONS
In this work, MoS2 FETs were fabricated and the effects of
Al2O3 passivation in conjunction with preliminary O2 plasma
treatments were examined. The hysteresis behavior was
suppressed by the application of ALD Al2O3 capping layers
on the MoS2 surface, which effectively prevented the
permeation of O2 or H2O molecules from the ambient
atmosphere. However, excess carrier generation was found to
occur and alter the transistor performance, resulting in
excessively negative Vth values with a relatively high off-state
leakage current, increasing by several orders of magnitude. In
this regard, exposure of the MoS2 surface to O2 plasma for 30 s
before the deposition of the Al2O3 protective film considerably
reduced the hysteresis effect, whereas the off-state leakage
increased by only 1 order of magnitude. This phenomenon is
attributed to the formation of a thin MoOx interlayer between
MoS2 and the top passivation layer. As the O2 plasma treatment
time was increased up to 120 s, the hysteresis persisted,
accompanied by relatively high off-state leakage. At this point,
physical damage is most likely to take place on the top of the

Figure 5. Bias stress tests with and without illumination for 30 s PT MoS2 devices with the Al2O3 passivation layer: (a) PBS, (b) PBIS, (c) NBS, and
(d) NBIS. For PBS and PBIS, a gate voltage of 12 V was applied. For NBS and NBIS, a gate voltage of −40 V was applied. For PBIS and NBIS, a
visible light source of 1500 lx luminance was used. All transfer characteristics were obtained at Vds = 1 V, and each stress test was performed for 2 h.
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MoS2 semiconductor. The incorporation of excess oxygen in
the MoOx interlayer from the relatively long O2 plasma
treatment is speculated to generate large quantities of electron
traps. The most stable devices, fabricated via the O2 plasma
treatment for 30 s and subsequent Al2O3 capping, were
subjected to the PBS, PBIS, NBS, and NBIS tests. Whereas the
device degradation was negligible under PBS, PBIS, and NBS,
relatively large negative Vth shifts were observed under NBIS. It
is suggested that VS may interact with the incident photons so
that they either act as net positive charge traps or release excess
electrons to shift the Vth toward negative values.
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