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Abstract

We demonstrated highly stable multilayer molybdenum disulﬁde (MoS2) ﬁeld-effect transistors
(FETs) with negligible hysteresis gap (ΔVHYS∼0.15 V) via a multiple annealing scheme,
followed by systematic investigation for long-term air stability with time (∼50 days) of MoS2
FETs with (or without) CYTOP encapsulation. The extracted lifetime of the device with CYTOP
passivation in air was dramatically improved from 7 to 377 days, and even for the short-term bias
stability, the experimental threshold voltage shift, outstandingly well-matched with the stretched
exponential function, indicates that the device without passivation has approximately 25% larger
the barrier distribution (ΔEB=kBTo) than that of a device with passivation. This work suggests
that CYTOP encapsulation can be an efﬁcient method to isolate external gas (O2 and H2O) effects
on the electrical performance of FETs, especially with low-dimensional active materials like MoS2.
Keywords: molybdenum disulﬁde, CYTOP passivation, ﬁeld-effect transistors
1. Introduction

of gaseous molecules such as oxygen and moisture due to the
large surface areas of low-dimensional materials [13–15].
Even though several studies, adopting plasma-enhanced
chemical vapor deposition (PECVD) [14], atomic layer
deposition (ALD) [16], and PMMA passivation [17] for the
improvement of instability of TMDC devices have been
reported, their approaches have several drawbacks, as they
require a relatively high temperature process (∼350 °C), are
not cost-effective, have a non-ideal surface chemistry of
passivation layers, and are prone to easy permeation of
moisture. Furthermore, using one of the representative
hydrophobic polymers, CYTOP passivation has recently been
reported to improve the stability of TMDC FETs and optical
sensors in diodes [18]. However, their evaluations on electrical characteristics for the effectiveness of CYTOP passivation were very limited, thereby not fully enlightened in the
aspects of reliability (or longevity) in air and bias temperature
instability when CYTOP passivation was adopted.

Among the various two-dimensional (2D) nanomaterials,
transition metal dichalcogenides (TMDCs) have recently
received tremendous attention and been actively researched as
another opportunity in electronic applications beyond the Si
era because of their novel electrical, [1–3] optical, [4] and
chemical properties [5, 6]. In particular, their sizable direct (or
indirect) bandgap property, unlike graphene, as well as an
ultra-thin form of layers for TMDCs are two of the most
appealing aspects for applications of next-generation ﬁeldeffect transistors (FETs), [1, 7, 8] photodetectors, [4, 9]
chemical and gas sensors, [5, 10] and nonvolatile memory
cells [11, 12]. As a result, many research activities based on
TMDCs in this ﬁeld have been reported up to now.
However, one of the key limitations for TMDC devices,
like other types of low-dimensional material, comes from the
intrinsic nature of instability associated with easy adsorption
0957-4484/15/455201+07$33.00
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Figure 1. (a) A perspective view of the multilayer MoS2 FETs with ﬂuorinated polymer CYTOP passivation. (b) Schematic to explain a
conceptual model for blocking water and oxygen molecules by CYTOP passivation. (c) AFM proﬁle to show the thickness (∼13 nm) of the
multilayer MoS2 ﬂakes. A and B denote the positions where the MoS2 channel and gate dielectric (∼SiO2) are located, respectively. (d) An
optical microscope image of the fabricated MoS2 FETs after contact opening process. The device has physical dimensions of (W/
L∼30/10 μm).

In this study, we systemically evaluated the effects of
CYTOP passivation for molybdenum disulﬁde (MoS2) FETs
as one of the representative TMDCs, for two aspects in particular. The ﬁrst is to isolate the origins of device instability,
coming from either internal device issues or external environmental issues; for the validation of this issue, we ﬁrst
implemented highly stable MoS2 FETs with negligible hysteresis gaps (ΔVHYS∼0.15 V), indicating low defect levels
were included in the device itself, via multiple annealing
schemes and then, the long-term stability of MoS2 FETs with
(or without) passivation in air were evaluated by tracking
electrical properties up to 50 days. Furthermore, the bias
stability of the MoS2 FETs with (or without) passivation was
directly investigated by analyzing short-term reliability. For
the validation of CYTOP passivation effects, their electrical
parameters such as electrical ﬁeld-effect mobility, contact
resistance, device life time, the characteristic trapping time,
and the energy barrier distribution for the multilayer MoS2
FETs with (or without) passivation were extracted and compared accordingly.

Ltd) which has been employed as an excellent inhibitor for
permeation of moisture (or/and oil) due to a hydrophobic,
ﬂuorinated ending group as indicated in ﬁgure 1(b) [19–21].
An n-type silicon wafer with heavy phosphorus doping
(ρ∼0.005 ohm cm) was used as a starting substrate, followed by dry oxidation at 950 °C. Multilayers of molybdenum disulﬁde (MoS2) were mechanically exfoliated from
bulk MoS2 crystals (SPI Supplies, 429ML-AB) by using poly
dimethylsioxane (PDMS) elastomer, subsequently transferred
onto Si substrates with 10 nm thick thermal-oxide. For the
evaluation of layer thickness of MoS2, atomic force microscopy (AFM, Park system, XE-100) analysis as shown in
ﬁgure 1(c) was performed and the typical thickness of multi
layers of MoS2 turned out to be within the range of 13 nm
which approximately corresponds to 20 layers. Then, each
sample was annealed in a mixed gas (∼Ar/H2) for one hour
at 400 °C for desorption of carbon residues or/and water
molecules associated with the exfoliation process. Photolithographic patterning and thermal evaporation of Au
(∼50 nm), followed by lift-off in acetone, created source and
drain electrodes on multilayer MoS2 with good Ohmic contact
[1, 22]. After forming S/D electrodes, additional annealing,
with the same condition as the ﬁrst annealing, was executed to
remove PR residues or/and adsorbed water molecules, typically contaminated during photolithography and the lift-off
process. Each sample contains at least more than 10 devices

2. Methods
Figure 1(a) shows a perspective view of the multilayer MoS2
FETs passivated with CYTOP (CTL-809M, Asahi Glass Co.,
2
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Figure 2. (a) Transfer characteristics of the MoS2 FETs before and after CYTOP passivation. Circle (●) and triangle (#) symbols indicate the
device before and after CYTOP passivation, respectively. The electrical measurements were performed in a linear regime at VDS=0.1 V. (b)
Output characteristic of the MoS2 FETs with CYTOP passivation. Transfer characteristics of the MoS2 FETs (c) without and (d) with
CYTOP passivation as the time stored in air at room temperature increases. All electrical characteristics were measured in air.

with the same physical dimensions of channel length (Lch ∼
10 μm) on the same substrate. The electrical characteristic for
each device was measured by using a precision semiconductor parameter analyzer (Agilent, B1500A). The back
channel of MoS2 FETs was passivated by a ﬂuorinated
polymer CYTOP (tCYTOP∼400 nm) with a typical spin
coating process, immediately followed by annealing at 100 °C
for 1 h in a vacuum oven. Finally, CYTOP ﬁlm over the
source and drain electrodes as shown in ﬁgure 1(d) was
etched away by using plasma etching as reported elsewhere [23].

(i.e., moisture or/and carbon residues) [15, 24]. Also, the
MoS2 FETs show good switching properties with a subthreshold slope (SS) of 247 mV dec−1 and on/off ratio of
∼107. Furthermore, there was no noticeable degradation
observed in turn-on regime even after passivation, and the
extracted ﬁeld-effect mobility (μeff) and threshold voltage
(VTH) of the multilayer MoS2 FETs after passivation are
16.8 cm2 V−1 s−1 and −0.04 V, which are similar to the
values before passivation, respectively. Each ﬁeld-effect
mobility (μeff) before and after passivation in the linear
regime was extracted at a maximum point of transconductance (gm_max∼1.75 μS) according to μeff=gmL×
(WCoxVDS)−1, where Cox and gm are the gate insulator
capacitance per unit area and the transconductance, respectively. However, in the off-current regime, a slightly
increased off-current right after CYTOP passivation was
observed and then relieved back to the initial off-current level
(∼a few pA) one day later, which is speculated to come from
temporal charge generation and relaxation effects in the
CYTOP layer, [18, 19] typically observed after encapsulation
of the ﬂuorinated polymers [25, 26]. Figure 2(b) shows output
characteristics of the MoS2 FET after passivation. The device
showed typical n-type modulation properties as gate-to-source
voltage (VGS) increased from 0 V to 3 V and a good saturation
behavior was observed in an operation regime of saturation,
indicating the device itself after passivation retained its virgin
characteristics before passivation.

3. Results and discussion
Figure 2(a) shows the transfer characteristics of the multilayer
MoS2 FETs with a ratio of width to length (W/L=30/
10 μm) before and after CYTOP passivation. The transfer
characteristics at a drain-to-source voltage (VDS) of 0.1 V
were measured before CYTOP passivation followed by consecutively measured I–V properties right after passivation of
CYTOP on the same device. As shown in ﬁgure 2(a), the
multilayer MoS2 FETs even before passivation show a negligible hysteresis gap (ΔVHYS=0.14 V), indicating that the
optimized annealing process via a multiple annealing scheme
leads to the elimination of possible candidates of traps on the
surface of the multilayers of MoS2 associated with absorbates
3
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Figure 3. (a) Normalized drain-to-source current (IDS) behavior with time for the MoS2 FETs with (or without) CYTOP passivation. Each
value (IDS) was extracted with time at a bias condition (i.e., VGS=3 V, VDS=0.1 V). IDS (0) indicates the initial current level (t=0 s). The
inset denotes the semi-logarithmic plots for log (IDS) versus time and each solid line in the inset corresponds to its extrapolated line. The time
constant for the device with (or without) passivation is γw/=6.1×10−5 s (or γw/o=4×10−3 s), respectively. (b) Electrical evolution of
ﬁeld-effect mobility (μeff) and contact resistance (Rc) for MoS2 FETs with (● solid circle) and without (+ solid square) CYTOP passivation
with time stored in air. Lines and dash lines indicate μeff and Rc, respectively.

For the evaluation of CYTOP passivation effects on
longevity (or long-term stability) of the MoS2 FETs, the
multilayer MoS2 FETs were fabricated and selected as having
similar both its ﬂake thickness (∼13 nm) and electrical
characteristics (∼16 cm2 V−1 s−1, on/off ratio>106) initially, followed by CYTOP passivation. The MoS2 FETs with
(or without) passivation were stored in ambient air. The
electrical characteristics for each device were measured with
time up to 50 days in air. Figures 2(c) and (d) show that the
transfer characteristics for the representative MoS2 FETs
without and with passivation with time, respectively. Overall,
the devices without passivation show huge degradation in oncurrent and large threshold voltage shift toward positive
direction, whereas the passivated MoS2 FETs showed slight
current reduction, but the sub-threshold slope (SS) with time
was mostly consistent within the error range of experimental
measurement. In addition, the same trend for the passivation
effects on the MoS2 FETs were consistently observed for all
other devices (∼ at least more than 5 devices) on the same
sample.
For a more quantitative analysis for both of the devices in
degradation, normalized current level with time was depicted
in ﬁgure 3(a) and their current degradation behavior in the
inset of ﬁgure 3(a) was also replotted in a semi-logarithmic
scale, indicating exponential decay of drain current with time
[27] so that it can be analytically expressed as
IDS (t ) = IDO exp (-gt ), where IDO is the initial on-current in
air with (or without) passivation and γ is the slope obtained
from the plot of log(IDS) versus time as shown in the inset of
ﬁgure 3(a). The extracted values of γ for both of the devices
are 6.1×10−5 (with passivation) and 4.0×10−3 (without
passivation). The lifetimes, extracted as the time when the oncurrent has deteriorated to half of the initial current for both of
the devices, are 377 days (with passivation) and 7 days
(without passivation), respectively. In addition, for the analysis of CYTOP passivation effects on electrical performance
of the MoS2 FETs, ﬁeld-effect mobility (μeff) and contact
resistance (Rc) with time were extracted and compared for

both of the devices stored in air. For the estimation of the
electrical contact properties, contact resistance (Rc) was
extracted by using the Y-function method reported elsewhere
[28–30]. Figure 3(b) shows that ﬁeld-effect mobility (μeff)
and contact resistance (Rc) for the MoS2 FETs with passivation remains consistently within the experimental error range
(∼4%) with time in air. On the other hand, as the exposure
time in air increases, the MoS2 FETs without passivation
shows noticeable degradation of ﬁeld-effect mobility (μeff)
from 16.2 cm2 V−1 s−1 to 8.7 cm2 V−1 s−1 and a signiﬁcant
increase of contact resistance (Rc) from 0.26 kΩ to 7.3 kΩ.
The noticeable decrease of ﬁeld-effect mobility (μeff) with
time is mainly attributed to the chemisorption of oxygen or/
and water molecules on the back channel of MoS2, which
could act as local Coulomb scatters for the accumulated
charge (i.e., electron) centroid nearly located in the front
channel. In addition, the increase of contact resistance (Rc)
with time is speculated to come from the increase of Schottky
barrier (∼fSB) between MoS2 and Au associated with the
increase of effective work function (∼fm) of Au which is near
S/D contact regions due to chemisorption of oxygen [31] on
the surface of contact regions of MoS2 (∼fs). Therefore, the
dramatic reduction of lifetime for the MoS2 FETs without
passivation is mainly ascribed to both the noticeable deterioration of ﬁeld-effect mobility (μeff) and the signiﬁcant
increase of contact resistance (Rc) associated with chemisorption (or/and penetration) of oxygen or/and water molecules, predominantly on the back surface of MoS2. The
analyses on ﬁeld-effect mobility (μeff) and contact resistance
(Rc) extracted from ﬁgure 3 suggest that the CYTOP passivation for MoS2 FETs can be an efﬁcient method to prevent
oxygen or/and water molecules from penetrating into channel
areas of MoS2 FETs, which leads to reliable operation in air.
The effect of CYTOP passivation on bias stability in air
can be a key aspects to investigate for the evaluation of reliability of MoS2 FETs. For the investigation of bias stress effects,
MoS2 FETs were implemented and their electrical properties
showed ﬁeld-effect mobility (μeff∼22 cm2 V−1 s−1), threshold
4
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Figure 4. (a) Transfer characteristics of the MoS2 FETs with (or without) CYTOP passivation with stress time. Electrical bias of VGS=3 V,
VDS=0 V was applied to the device for 1800 s at the substrate temperature of Tsub=60 °C. The schematics in the inset indicate conceptual
models to explain gas adsorption for the device with (or without) CYTOP encapsulation. (b) Electrical evolution of threshold voltage shift of
the MoS2 FETs with (or without) CYTOP passivation with stress time. ΔVTH(w/) and ΔVTH(w/o) correspond to the threshold voltage shift
for the device with (d; open circle) and without (!; open triangle) CYTOP encapsulation, respectively.

voltage (VTH∼−0.58 V), and high on/off ratio (∼107),
respectively. To examine the effects of bias stress, we applied a
gate-to-source voltage (VGS) of +3 V to the MoS2 FETs with
(or without) passivation while holding drain-to-source voltage
(VDS) at 0 V, as shown in ﬁgure 4(a). During the bias temperature stress, the substrate temperature and effective stress
time were ﬁxed as 60 °C and 1800 s, respectively. To avoid
device variation effects on reliability characteristics of MoS2
FETs, the bias stress was ﬁrst applied to the MoS2 FETs
without passivation, and then all the electrical characteristics
were analyzed, followed by baking at 150 °C for 30 min in a
glove box to promote the recovery of electrical characteristics to
the virgin state. After conﬁrmation of the recovery of electrical
characteristics for the MoS2 FETs, subsequent CYTOP passivation was performed, and then the same stress conditions were
applied to the same device with passivation. Figure 4(a) indicates the evolution of transfer characteristics for each MoS2
FET with (or without) passivation. The behaviors of threshold
voltage shifts (ΔVTH) are noticeably different; the threshold
voltage shift (ΔVTH (w/) (or ΔVTH (w/o))) for the MoS2 FETs
with (or without) passivation after bias stress test is 0.38 V (or
0.52 V), respectively. To gain some insight, we analyzed the
behaviors of threshold voltages depending on stress time for the
MoS2 FETs with (or without) passivation as shown in
ﬁgure 4(b). Typically, the bias stress-induced threshold voltage
shift (ΔVTH) can be described by a stretched exponential time
(t)-dependent formula applicable to thin ﬁlm transistors based
on a wide variety of disordered [32–35] or/and organic crystalline systems; [36]

respectively. The value of the dispersion parameter (β) is
related to the distribution of the activation energy for charge
trapping (ΔEB=kBT/β) where kB is the Boltzmann
constant. Typically, the energy structure of each trap site
can be described by Eτ (i.e., the mean barrier height) and the
barrier distribution (ΔEB=kBTo) [37]. Even though the
validity of this model (i.e., equation (1)) to the system of
MoS2 FETs is not yet clear, and needs to be studied separately
later, the electrical ﬁttings for the experimental threshold
voltage shifts are outstandingly well-ﬁtted, as assessed by its
coefﬁcient of determination [38] (R2∼0.994 for with and
0.976 for without passivation, respectively) and the extracted
values of the barrier distribution for the MoS2 FETs with (or
without) passivation correspond to 7.76×10−2 eV (or
1.02×10−1 eV). The data suggest that the barrier distribution for the device without passivation is about 25% that of
device with passivation. This difference is, at least partly, a
consequence of chemisorption of oxygen and water molecules
on the back channel of the MoS2 FETs which results in the
increase of the chance for trapping of electrons in the back
channel. In addition, the graph (square symbols) in
ﬁgure 4(b), representing the difference of a threshold voltage
shift (ΔVTH) for each device with (or without) passivation,
shows a reasonably good ﬁt with equation (1); the extracted
values of threshold voltage shift (ΔVTH), characteristic
trapping time (τ) and dispersion parameter (β) are 0.14 V,
2.2×109 s and 0.2, respectively. Moreover, the barrier
distribution (ΔEB=kBTo) for the curve (square symbols)
was extracted as 1.43×10−1 eV which is about 40% larger
than that of the device without passivation. This suggests that
the increased barrier distribution (ΔEB=kBTo) is probably
associated with the net effects of back channel regions where
the events of trapping might occur via trap sites with wide
barrier distribution due to external gases (i.e., O2 and H2O).
Notice that subtraction of the values which are extracted for
each device with (or without) passivation conceptually
reﬂects the pure portion of back channel region in terms of
trapping events, on the assumption that CYTOP passivation

DVTH (t ) = VGS - VTH (0) ´ ⎡⎣ 1 - exp -(t / t )b ⎤⎦

{

}

(1 )

where τ=τoexp(Eτ/kBT) represents the characteristic trapping time of carriers in which τo is a thermal prefactor, Eτ the
average effective barrier for emission, T substrate temperature, and β is a dispersion parameter. VGS and VTH(0) are the
applied gate bias stress and initial threshold voltage,
5
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perfectly prevents external gases (i.e., O2 and H2O) from
permeation into the back channel. For thin ﬁlm transistors, the
gate bias instability is typically a result of charge trapping in a
gate insulator, at the interface between insulator and
semiconductor, and in a semiconductor itself. In the case of
the MoS2 FETs, among the several aforementioned attributes
of origins for device instability, the back channel portion can
be much more pronounced due to charge trapping on the back
channel region of the MoS2 FETs, ascribed by easy adsorbed
water or/and oxygen molecules. This is attributed to the
nature of a high surface-to-volume ratio of the 2D structure
and hydrophilicity of the MoS2 surface [13, 14].
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