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R
ecently, two-dimensional (2D) transi-
tion-metal dichalcogenide (TMD)
materials have gained significant at-

tention due to their potential applications in
atomic-film devices.1�4 Graphene, one of the
most popular of these 2Dmaterials, has been
widely studied but has limited utility as a
semiconductor because it lacks an energy
band gap.5 Unlike graphene, TMD materials
such as MoS2, MoSe2, and WSe2 possess a
band gap and semiconducting properties.6�8

In particular, molybdenum disulfide (MoS2)
has an indirect band gap of 1.2 eV as a bulk
material and a direct band gap of 1.8 eV as
a single layer.4,8 Numerous studies have ex-
plored the application of 2D TMD materials
in nanoelectronic devices because of their
semiconducting properties.9�14 For example,
researchers have demonstrated that MoS2-
based field effect transistor (FET) devices
have outstanding electrical characteristics;
a single-layer MoS2 device exhibits a high
mobility (∼200 cm2/(V s)) with a near-ideal
subthreshold swing down to 74 mV/decade
and a high on/off ratio (∼108).15

The ability to tailor the electrical proper-
ties of MoS2 FETs would provide numerous
advantages. In particular, to prepare a logic
circuit using MoS2, it is necessary to control
the operation voltage. When trap states are
introduced at the MoS2 active layer and
dielectric layer, the electrical properties of
the device, such as the current and threshold
voltage, are affected by charge trapping to
these trap states. Attempts to tailor the elec-
trical properties of FET devices made with
carbon nanotubes16,17 or semiconducting
nanowires18�20 have been made using irra-
diation with high-energy particles. Originally,
high-energy particle beams of protons, elec-
trons, or ions were used to impact silicon-
based metal-oxide-semiconductor (MOS)
devices in order tomodify the electrical prop-
erties of the devices or investigate the proper-
ties under outer space conditions.21�24

A few theoretical and experimental
studies have investigated the irradiation
of MoS2 materials with electrons, protons,
or heavy ions. Komsa et al. studied the
effects of electron beam irradiation on 2D
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ABSTRACT We investigated the effect of irradiation on

molybdenum disulfide (MoS2) field effect transistors with 10 MeV

high-energy proton beams. The electrical characteristics of the

devices were measured before and after proton irradiation with

fluence conditions of 1012, 1013, and 1014 cm�2. For a low proton

beam fluence condition of 1012 cm�2, the electrical properties of the

devices were nearly unchanged in response to proton irradiation. In

contrast, for proton beam fluence conditions of 1013 or 1014 cm�2,

the current level and conductance of the devices significantly

decreased following proton irradiation. The electrical changes

originated from proton-irradiation-induced traps, including positive oxide-charge traps in the SiO2 layer and trap states at the interface between the

MoS2 channel and the SiO2 layer. Our study will enhance the understanding of the influence of high-energy particles on MoS2-based nanoelectronic devices.
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TMD materials using first-principle simulations and
experimental studies of single-layer MoS2 devices irra-
diated by electron beams in a transmission electron
microscope (TEM) operating at 20 keV.25 Ochedowski
et al. demonstrated the deterioration of MoS2 FETs
following 1.14 GeV U28þ ion beam irradiation,26 and
Mathew et al. studied ferromagnetism in MoS2 bulk
materials following 2 MeV proton beam irradiation.27

However, a comprehensive study of high-energy par-
ticle beams on MoS2 atomic film-based FET devices
has not yet been investigated. Therefore, it would be
important to understand and develop irradiation-
mediated engineering in MoS2 FET devices.
Here, we studied the effect of proton irradiation on

MoS2 FET devices prepared with a few layers of MoS2
flakes. The devices were irradiated with 10 MeV proton
beams under fluence conditions of 1012, 1013, and
1014 cm�2, corresponding to beam irradiation times
of 20, 200, and 2000 s, respectively. We systematically
measured and compared the electrical properties of
the devices, including current level, conductance, and
threshold voltage, before and after proton irradiation
for each proton beam fluence condition. The changes
in the electrical properties of the proton-irradiated
devices can be attributed to irradiation-induced traps,
such as positive oxide-charge traps in the SiO2 layer
and interface trap states.

RESULTS AND DISCUSSION

We fabricated MoS2 FET devices using the following
process. First, we transferred MoS2 flakes from a bulk
MoS2 crystal (purchased from SPI Supplies, USA) onto
Si wafer pieces using amechanical exfoliation method.
The Si substrate used in this study had a 270-nm-thick
SiO2 layer on highly doped Si and could be used as
a gate electrode. Following the mechanical transfer of
theMoS2 flakes, suitable MoS2 flakes were located with
an optical microscope (Figure 1a). Although it was

possible to transfer single-layer MoS2 films, we more
routinely transferred multilayer MoS2 films comprising
a fewMoS2 atomic layers. The thickness of the typically
selected MoS2 flakes was approximately 2�8 nm, as
determined by atomic force microscopy (AFM) (Park
Systems, NX10) (Figure 1c). Because the thickness of
a single MoS2 layer is 0.65 nm, this flake thickness
corresponds to 3�12 layers. After the locations and
coordinates of theMoS2 flakewere determinedwith an
electron-beam lithography system, source and drain
electrodes were made by depositing Au (100 nm)/Ti
(10 nm) with an electron beam evaporator. More
detailed information describing the device fabrication
is provided in Figure S1 of the Supporting Information.
Following the fabrication of the MoS2 FET devices,

their electrical characteristics were measured. The
devices were subsequently irradiated by a proton
beam. The proton beam facility used for this research
was the MC-50 cyclotron at the Korea Institute of
Radiological and Medical Sciences. The proton beam
exhibited an energy of 10 MeV, an average beam
current of 10 nA, and a beam uniformity of approxi-
mately 90%. Beam irradiation times of 20, 200, and
2000 s were investigated, corresponding to total flu-
ence (or dose) values,Φ, of∼1012, 1013, and 1014 cm�2.
The fabricated MoS2 FET devices were divided into
three groups according to the proton beam fluence
conditions. The electrical characteristics of each device
weremeasured before and after proton irradiation and
systematically compared.
Figure 2 illustrates the electrical characteristics of the

MoS2 FET devices. The left and right plots in Figure 2a
show the output characteristics (source�drain current
versus source�drain voltage, IDS�VDS) measured for a
MoS2 FET at gate voltages (VG) ranging from�30 to 30V
in increments of 10 V before and after, respectively,
proton beam irradiation with a fluence of 1012 cm�2

(corresponding to an irradiation time of 20 s). Figure 2b

Figure 1. (a) Optical images showing the fabrication of a MoS2 FET device. (b) Schematic illustration of proton beam
irradiation on aMoS2 FET device. (c) AFM imageof theMoS2 FET devicewith a cross-sectional topographic profile indicatedby
the blue line (MoS2 flake). Red dashed lines in (a) and (c) indicate MoS2 flakes.
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shows the transfer characteristics (source�drain cur-
rent versus gate voltage, IDS�VG) of the same device at
a fixed source�drain voltage (VDS) of 0.5 V before and
after proton irradiation under the same proton beam
conditions used in Figure 2a. The MoS2 FET device
exhibited n-channel behavior, with the current increas-
ing as a more positive gate voltage was applied. The
results in Figure 2a suggest that the electrical properties
of the MoS2 FET device did not change substantially
following the proton irradiation with a small fluence
condition of 1012 cm�2 (i.e., a short proton irradiation
time of 20 s). However, the MoS2 FET devices were
influenced noticeably when irradiated with the proton
beam for a longer period of time. Figure 2c shows the
output characteristics measured for another MoS2 FET
device before and after proton beam irradiation with
a fluence of 1014 cm�2 (corresponding to an irradiation
time of 2000 s). Figure 2d displays the corresponding
transfer characteristics. Importantly, we observed that
the current of the device decreased dramatically fol-
lowing proton beam irradiation. For example, the cur-
rent of the device was measured as∼20 μA at VDS = 5 V
and VG = 20 V prior to proton irradiation, whereas after
proton irradiation, the current was measured as ∼1 μA
under the same measurement conditions (see inset
of the plot on the right in Figure 2c). Hence, the current
decreased by nearly 95% as a result of proton irradia-
tion. This effect was clearly observed in the transfer
curves (Figure 2d); that is, the current decreased sig-
nificantly following proton beam irradiation. For the
MoS2 FET devices irradiated by a proton beam with a

fluence of 1013 cm�2 (corresponding to an irradiation
timeof 200 s), the current level alsodecreased following
proton irradiation, although the decrease was smaller
than that observed under a fluence of 1014 cm�2; the
current decreased from ∼17.5 μA (before proton
irradiation) to ∼5 μA (after proton irradiation) when
measured at VDS = 5 V and VG = 20 V, as shown in
Figure S2 of the Supporting Information. The subthresh-
old slope of the device that was irradiated with a low-
fluence proton beam (1012 cm�2) was almost the same
before and after the proton irradiation, as shown in
the inset of Figure 2b. On the contrary, the sub-
threshold slope of the device that was irradiated with a
high-fluence proton beam (1014 cm�2) became worse
after the proton irradiation, as shown in the inset of
Figure 2d. Such degradation of the subthreshold slope
after high-fluence proton beam irradiation is attributed
to the proton beam-induced trap states at the interface.
Figure 3a�c show the statistical results for the MoS2

FET devices that were irradiated by proton beams
under the three different fluence conditions. Here,
we measured three devices under each fluence condi-
tion. A total of nine MoS2 FET devices were therefore
investigated, divided into three groups, and exposed
to proton beams under the three different beam
fluence conditions of 1012, 1013, and 1014 cm�2. We
subsequently compared the measurements before
and after each proton irradiation condition. The error
bars in the figures represent the standard deviations
from the individual measurements. In Figure 3a,
the current levels of the proton-irradiated devices

Figure 2. Representative electrical characteristics of MoS2 FET devices. (a) Before and (b) after proton irradiationwith a beam
fluence of 1012 cm�2. (c) Before and (d) after proton irradiation with a fluence of 1014 cm�2. (a, c) Output characteristics
(IDS�VDS) measured for different gate voltages. (b, d) Transfer characteristics (IDS�VG) measured at a fixed VDS = 0.5 V.
The inset figures of (b) and (d) are the transfer characteristics on a log scale.
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measured at VG = 30 V and VDS = 0.5 V were compared
with those of the devices before proton irradiation. The
normalized current value in Figure 3a means the ratio
of the current of the proton-irradiated device to that
(value = 1.0, dashed line) of the same device before
proton irradiation. In Figure 3b, the normalized con-
ductance values were calculated and compared in a
similar manner to that in Figure 3a. Here, the low-field
conductance values were determined from the slope
for a linear segment at the lowbias region (�0.3 < VDS <
0.3 V). Figure 3c displays the changes in threshold
voltages following proton irradiation. First, the current,
conductance, and threshold voltage values for the
devices irradiated by proton beams under a low flu-
ence of 1012 cm�2 did not change significantly. In
contrast, for the devices irradiated by a proton beam
with a medium fluence of 1013 cm�2, the current and
conductance values decreased substantially, accompa-
nied with a shift of the threshold voltage to the positive
gate voltage direction. These changes in the current,
conductance, and threshold voltage became more
significant for the devices irradiated by proton beams
with a high fluence of 1014 cm�2, as indicated by the
greater decreases in the current and conductance and
the more positive shifts of the threshold voltage.
We measured Raman spectra of MoS2 flakes before

and after proton beam irradiation with fluences ofΦ =
1012 cm�2 (Figure 3d) and Φ = 1014 cm�2 (Figure 3e).
The two prominent E12g (∼380 cm�1) and A1g

(∼405 cm�1) peaks are due to in-plane and out-of-
plane vibrations of MoS2 atoms,28 as illustrated in
Figure 3f. There was no significant change found in
the E12g and A1g modes of MoS2 in the Raman spectra

before and after the proton irradiation. Note that we
did Raman or electrical measurements on the proton-
irradiated samples at least 1 day after the proton
irradiation because we were not allowed to pick up
the proton-exposed samples right after the proton
irradiation due to radioactivity safety regulations. Im-
portantly, we observed significant changes in the elec-
trical properties of MoS2 FETs (Figures 2 and 3a�c),
while we did not observe noticeable changes in the
Raman spectra of MoS2 flakes (Figures 3d,e). These
results suggest that the change of the electrical char-
acteristics of MoS2 FET devices after the proton irradia-
tion is not due to MoS2 itself; instead it is due to the
proton-irradiation-induced oxide traps in the SiO2 layer
or the interface trap states at the SiO2/MoS2 interface.
We investigated the time-dependence of the elec-

trical characteristics of the proton-irradiated devices by
measuring the devices before proton irradiation and
1 day, 3 days, and 5 days after proton irradiation.
Figure 4a�c show the transfer curves of three MoS2
FET devices that were irradiated by proton beams with
fluence conditions of either 1012, 1013, or 1014 cm�2.
For the 1012 cm�2

fluence condition, the current of
the proton-irradiated device remained nearly constant
with time (Figure 4a), consistent with the results of
Figures 2 and 3. For the cases of the 1013 and 1014 cm�2

fluences, the currents of the proton-irradiated
devices decreased following proton irradiation (for
example, see the day 1 data). However, the current
typically recovered; for the middle fluence condition
(1013 cm�2), the current recovered to nearly its original
level after 5 days (Figure 4b), whereas for the high-
fluence condition (1014 cm�2), the current recovered

Figure 3. Statistical data for the (a) normalized conductance, (b) normalized current, and (c) change in the threshold voltage
of the devices following proton irradiation with different beam fluences (1012, 1013, and 1014 cm�2). Raman spectra of MoS2
flakes before and after proton beam irradiation with the fluences of (d)Φ = 1012 cm�2 and (e)Φ = 1014 cm�2. (f) Schematic
illustrations of MoS2 vibration modes.
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but remained diminished even after 5 days (Figure 4c).
Figure 4d�f summarize the normalized current, nor-
malized conductance, and changes in the threshold
voltage before and after proton irradiation with fluence
conditions of 1012, 1013, and 1014 cm�2. These plots
show that the electrical parameters were not signifi-
cantly influenced by theweak fluence proton irradiation
(1012 cm�2) and that these values typically recovered
with timebut that the recoverywasnot complete for the
high-fluence proton irradiation (1014 cm�2).
We now discuss the results of our proton irradiation

experiments on MoS2 FET devices. When high-energy
particles are irradiated on silicon-based materials and
devices, they lose the majority of their energy near the
stopping position.29,30 We calculated the energy-loss
depth profiles of irradiated protons using Stopping and
Range of Ions in Matter (SRIM 2008) software, which is
a computer program that calculates the interactions
of energetic particles with matter. The SRIM simulation
results are provided in Figure S5 of the Supporting
Information.30,31 From these simulation results, we found
that protons could penetrate and stop ∼700 μm from
the top surface. Because the structure of our MoS2 FET
devices comprised stacks of MoS2/SiO2/Si (2�8 nm/
270 nm/500 μm), the majority of protons could simply
penetrate through the entire structure, generating
electron�hole pairs along the path of the proton beam.
It is known that when high-energy particles such as
electrons and protons are irradiated on silicon-based
FET devices, they can ionize atoms and generate
electron�hole pairs in the oxide (SiO2) layer, which is
the layer that is most sensitive to ionizing irradiation.32,33

The generated electrons are quickly swept out of the
bulk SiO2 layer in a few picoseconds due to their high

mobility.34 The remainingholeswander through theSiO2

layer andmaybe trappedat localized trap sites in thebulk
SiO2 layer, leading to positive oxide-trapped charges. In
addition, the irradiation-induced holes and protons in the
SiO2 can transport to the SiO2/MoS2 interface, leading to
the formation of interface trap states, which are nega-
tively charged electron trap centers for n-channel tran-
sistors. The positive oxide traps in the SiO2 layer enhance
the gate electric field, leading to an increased carrier
concentration. In contrast, the negative interface trap
states act as electron trap centers, leading to a reduction
in the carrier concentration. Furthermore, the irradiation-
induced interface trap states occur on a time scale that
is much slower than that of the positive oxide-charge
traps in the SiO2 layer. Therefore, the effects of proton
irradiation on the MoS2 FET devices can be attributed to
the combinedeffects of positive oxide-charge traps in the
SiO2 layer and interface trap states.35�37

For low-fluence (short irradiation time) proton irra-
diation, neither positive oxide-charge traps nor inter-
face trap states will be generated in sufficient quantities
to significantly affect the electrical characteristics of
the devices. As a result, no significant changes in the
electrical parameters of the proton-irradiated devices
were observed for proton irradiation under a 1012 cm�2

fluence (see Figures 2a,b, 3a�c, 4a and d�f). However,
at high fluence (long irradiation time), the interface trap
states will play a major role in influencing the electrical
performances of the proton-irradiated devices. These
effects were observed in the MoS2 FET devices irra-
diated by proton beams with 1013 or 1014 cm�2

flu-
ences (Figures 2c,d, 3a�c, and 4b�f). Note that for the
1012 cm�2

fluence condition, the currents of a portion
of the proton-irradiated devices increased slightly

Figure 4. Time-dependence of the IDS�VG curves of the MoS2 FET devices before proton irradiation and 1, 3, and 5 days after
proton irradiation with fluences of (a) 1012 cm�2, (b) 1013 cm�2, and (c) 1014 cm�2. The (d) normalized current, (e) normalized
conductance, and (f) change in the threshold voltages of the devices are plotted as a function of time (i.e., before proton
irradiation and at 1, 3, and 5days after proton irradiation) for the three differentfluence conditions of 1012, 1013, and1014 cm�2.

A
RTIC

LE



KIM ET AL . VOL. 8 ’ NO. 3 ’ 2774–2781 ’ 2014

www.acsnano.org

2779

compared with those measured prior to proton irradia-
tion (see Figure 3a), which could be due to the effect of
positive oxide-trap charges in the SiO2 layer. However,
this effect was too small to be confirmed, and a
modified experimental design would be necessary to
distinguish the effect of the positive oxide-trap charges
in the SiO2 layer from that of the interface trap states. The
recovery phenomena (Figure 4) can also be attributed
to the traps generated by the proton irradiation.37,38

The recovery of the current indicates that the proton-
irradiation-induced traps are not permanent and do not
act as charge traps for an extended period unless the
fluence of the proton irradiation is beyond a certain
threshold. We observed that the current was fully recov-
ered for a middle fluence of 1013 cm�2 approximately
5 days after proton irradiation (Figure 4b), but was not
fully recovered at this time point for the high fluence
condition of 1014 cm�2 (Figure 4c).
The observations in this study can be explained

using energy band diagrams, as shown in Figure 5.
Figure 5a shows the energy band diagrams for VDS =
0 V and VG = 0 V. The MoS2 flakes have a band gap of
∼1.2 eV, which is similar to the band gap of bulkMoS2.

8

In addition, the work function (ΦMoS2) and electron
affinity (χMoS2) of the flakes are 4.6�4.9 eV and∼4.0 eV,
respectively.39�42 We used Au/Ti as the source and
drain electrodes in contact with the MoS2 and a work
function for Au (ΦAu) of 5.4 eV and that for Ti (ΦTi) of
4.3 eV.41 Therefore, the contact between Ti and MoS2
will have a very small Schottky barrier (ΦB), as indicated

in the energy band diagram (Figure 5a, right).41 When
protons are irradiated on the devices, the proton beam
induces positive oxide-trap charges in the SiO2 layer
and interface trap states at the SiO2/MoS2 interface.
When the proton beam fluence is sufficient, the inter-
face trap states influence the current flow in the MoS2
channel, which hinders charge flows by trapping con-
duction electrons in the n-channel MoS2. This will
decrease the conduction electron concentration, rais-
ing the conduction band. In other words, an increasing
interface trap density in the channel region by proton
irradiation increases trapped electrons in the channel
and reduces the current conductance, as shown in the
right panel in Figure 5b.

CONCLUSION

In summary, we studied the effect of proton beam
irradiation onmultilayerMoS2 FET devices. The n-channel
MoS2 FET devices irradiated by proton beams with
sufficiently high fluence conditions exhibited decreases
in the current and conductance and a shift of the thresh-
old voltage toward the positive gate voltage direction.
The recovery of these changes was observed over a time
scale of days. These phenomena can be attributed
to the interface trap states at the SiO2/MoS2 interfaces.
This study improves our understanding of the influence
of high-energy proton beams on MoS2-based nano-
electronic devices and may provide a method to control
the electrical properties of MoS2 FET devices through
changing interface states using proton beams.

METHODS
The multilayer MoS2 was exfoliated using the micromecha-

nical exfoliation method from a bulk MoS2 crystal purchased

from SPI Supplier. The multilayer MoS2 flakes were transferred

by 3M Scotch tape to SiO2 on a heavily doped pþþ Si wafer

(resistivity ∼5 � 10�3 Ω cm) that can be used as a back gate.

Figure 5. Energy band diagrams of a MoS2 FET device (a) prior to proton irradiation (no irradiation) and (b) after proton
irradiation with high beam fluence (1013 and 1014 cm�2). EF: Fermi level energy, EC: conduction band minimum, EV: valence
bandmaximum,ΦB: Schottky barrier height. The green arrow indicates the proton beam irradiation, the blue circleswith plus
signs represent the oxide-trapped charges, and the red circles with minus signs represent the interface-trapped charges.
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The location of a MoS2 flake was found using an optical
microscope; then the MoS2 flake's height was measured with
an NX 10 AFM system (Park Systems). In order to make patterns
of electrodes, we spin-coated MMA (8.5), MAA (9% concentra-
tion in ethyl lactate), and PMMA 950K (5% concentration in
anisole) at 4000 rpm. After the two-step spin-coating, the
sample was baked at 180 �C for 90 s on a hot plate. The
electrodes were patterned using an electron beam lithography
system (JSM-6510, JEOL) with a 30 kV exposure. For the devel-
opment of pattern, MIBK/IPA (1:3) solution was used with a
development time of 50 s. All the electrical measurements were
conducted with a probe station (JANIS, ST-500) using a semi-
conductor parameter analyzer (HP 4145B) at room temperature
in a vacuum (∼10�4 Torr).
The Raman spectroscopic measurements were done with a

Raman spectrometer (T64000 Horiba Jobin Yvon, at National
Center for Inter-University Research Facilities) that uses an Ar
ion laser (wavelength of 514.5 nm) as a source.
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