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The irradiation effect of high energy proton beams on tungsten diselenide (WSe,) ambipolar field-effect
transistors was investigated. We measured the electrical characteristics of the fabricated WSe, FETs before
and after the 10 MeV proton beam irradiation with different doses of 102, 10**, 10*, and 10*® cm™. For
low dose conditions (10%2, 10*°, and 10 cm™), the threshold voltages shifted to the negative gate
voltage direction, and the current in the hole and electron accumulation regimes decreased and
increased, respectively. However, the trends were opposite for the high dose condition (10*° cm™?); the
threshold voltages shifted to the positive gate voltage direction, and the current in the hole and electron
accumulation regimes increased and decreased, respectively. These phenomena can be explained by the
combined effect of proton irradiation-induced traps and the applied gate bias condition. Specifically,
irradiation-induced positive oxide traps in SiO, dielectrics play a role in enhancing electron accumulation
and reducing hole accumulation in the WSe, channel, whereas the irradiation-induced holes near the

Received 19th April 2019,
Accepted 22nd June 2019

DOI: 10.1039/c9nr03345a

WSe,/SiO, interface act as electron trapping sites, with enhancing hole accumulation and reducing elec-
tron accumulation in the WSe, channel. This work will help improve the understanding of the effect of
high energy irradiation on WSe,-based and other ambipolar nanoelectronic devices. In addition, this work

rsc.li/nanoscale shows the possibility of tuning the electrical properties of WSe,-based devices.

including energy systems, light emitting devices, field effect
transistors (FETs) and photodetectors,®>®1%:15719
The material properties of 2D TMDs can be effectively

Introduction

Two-dimensional (2D) semiconducting transition-metal

dichalcogenides (TMDs) have gained significant attention due
to their unique electronic and optoelectronic properties, the
presence of energy band gaps from the visible and near infra-
red spectral ranges, and atomically thin film structures.’”® To
date, tremendous efforts have been devoted to designing and
synthesizing 2D TMDs and to exploring their potential
applications.>”** Therefore, understanding the fundamental
mechanisms and controlling the properties of 2D TMDs are
crucial for further versatile applications in integrated devices
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tuned through various methods such as dimension reduction,
heterostructure formation, intercalation, doping, strain engin-
eering, and especially the irradiation effects of ions or
electrons.>**'931 [n particular, most irradiation studies to
date have been focused on single type charge carriers in TMD
devices.** ' Among 2D TMDs, tungsten diselenide (WSe,) has
recently been studied from the perspective of irradiation
effects of ion- and electron-beams.?> > WSe, has many excel-
lent properties, such as a tunable bandgap (1.2-1.67 eV), ambi-
polar transport behaviour, and weak or nonexistent Fermi level
pinning at metal-WSe, interfaces;*>>*° these properties make
2D WSe, a promising candidate for potential device appli-
cations, including valley-based electronics, spin-electronics,
and optoelectronics.>*?”7* To the best of our knowledge, there
is no report on the electrical transport properties of WSe, FETs
showing p-type and n-type conduction through irradiation of
high energy proton beams.

In this work, we studied the effect of high energy proton
beam irradiation on the ambipolar WSe, FETs. The devices
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were irradiated with 10 MeV energy protons under different
dose conditions of 10'?, 10*, 10" and 10" em™2. The electri-
cal characteristics of the WSe, FETs such as the current level
and threshold voltages were measured before and after the
proton beam irradiation, and the changes after the irradiation
were analysed statistically. Additionally, we measured physico-
chemical properties such as lattice vibration, binding energy,
and thickness of the WSe, flakes using Raman spectra, AFM
images, and X-ray photoelectron spectra. After the proton
beam irradiation, the electrical properties were changed due to
the irradiation-induced traps from the substrate, not from
WSe, itself.

Results and discussion

The WSe, FETs were fabricated with mechanically exfoliated
WSe,, flakes on heavily p-doped Si substrates with a 270 nm-
thick SiO, dielectric layer. Fig. 1a shows the optical image of a
transferred WSe, flake on the Si/SiO, substrate. The WSe, flake
shown in Fig. 1a was found to be ~4 nm-thick using an atomic
force microscope (AFM) (Fig. 1b). Fig. 1c shows the optical
image of a WSe,-based device made with the flake shown in
Fig. 1a and b. The electrical properties of the fabricated WSe,
FET were examined, as shown in Fig. 1d—-f. Transfer character-
istics (drain-source current versus gate voltage, Ips—Ves)
(Fig. 1d) and output characteristics (drain-source current
versus drain-source voltage, Ins-Vps) (Fig. 1e and f) show a
sharp increase of Ips at both negative (the hole accumulation
regime, marked by blue colour) and positive (the electron
accumulation regime, marked by red colour) gate voltages,
indicating the gate-induced charge injection from metal/WSe,
contacts. According to Podzorov et al.,*® the Schottky-type FETs
exhibit ambipolar characteristics by gate-controlled tunneling
of injected charges (hole and electron) through the Schottky
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barriers formed at the metal/WSe, semiconductor contacts.
The electrical properties of other ambipolar WSe, FETs can be
found in the ESI (Fig. S2).F

After electrical characterization of the fabricated WSe,
FETs, the devices were subsequently irradiated by proton
beams of 10 MeV for 10, 100, 1000, and 10 000 seconds, corres-
ponding to dose values of ~10", 10", 10", and 10" em™,
respectively. The electrical characteristics of WSe, FETs were
measured and compared before and after proton beam
irradiation, as shown in Fig. 2 (see Fig. S3a in the ESI}). In the
transfer curves of the device recorded at fixed Vpg = 1 V, both
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Fig. 2 Transfer curves of the WSe, FETs before and after proton
beam irradiation under the doses of (a) 102, (b) 103, (c) 10%** and
(d) 10 cm™2.

2.0 -1.5

Fig. 1
the image. (c) An optical image of the fabricated FET using this WSe; flake.

-1.0
Vps (V)

-0.5 0.0 00 05 1.0

Vos (V)

15 20

(a) An optical image of a multilayer WSe; flake. (b) An AFM image of the selected region in (a) with a cross-sectional profile across a line in

(d) The transfer curves of the fabricated WSe, FET recorded at Vps = 0.1

V, 0.5V, and 1 V. The output curves for (e) negative gate voltages and (f) positive gate voltages recorded at different gate voltages.
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the threshold voltages for hole and electron accumulation
regimes shifted to the negative gate voltage direction after the
proton beam irradiation for the doses of ~10'?, 10", and 10"*
em™? (Fig. 2a-c). The drain-source current level of the hole
accumulation regime decreased, whereas that of the electron
accumulation regime increased. For example, after the proton
beam irradiation under a 10'* cm™ dose, the drain-source
current decreased from 0.11 pA to 0.04 pA at Vpg =1 V and Vgg
= -60 V for the hole accumulation regime, and it increased
from 0.06 pA to 0.31 pA at Vpg =1 Vand Vg = 60 V for the elec-
tron accumulation regime (Fig. 2a). Under the low irradiation
dose conditions of ~10'%, 10", and 10 cm™, the shifted
amount of the threshold voltage seemed to increase as the
dose increased (marked by blue and red arrows in Fig. 2a-c).
Correspondingly, the amount of current change in the hole
and electron accumulation regimes became larger as the dose
increased (Fig. 2a-c). For example, after the proton beam
irradiation under a 10"* cm™? dose, the drain-source current
decreased from 140 nA to 4 nA at Vpg = 1 Vand Vgg = =60 V for
the hole accumulation regime, and it increased from 0.4 nA to
16 nA at Vpg =1 Vand Vgg = 60 V for the electron accumulation
regime (Fig. 2c). However, the WSe, FETs that were irradiated
with a proton beam dose of 10™® cm™ showed different behav-
iour compared to the devices irradiated under low dose
conditions (Fig. 2d). After proton beam irradiation under a
10" ¢cm™? dose, the threshold voltages shifted to the positive
gate voltage direction for both hole and electron accumulation
regimes, and the drain-source current increased in the hole
accumulation regime while it decreased in the electron
accumulation regime. These dose-dependent phenomena of
proton beam irradiation will be explained in detail later in
terms of the combined effects by irradiation-induced charges
and gate-bias conditions.

To clarify these different trends between the two cases of
low and high proton beam doses, we statistically investigated
the changes of current and threshold voltage as a function of
proton beam dose. We measured a total of 20 devices, with 4-6
devices for each proton beam irradiation condition. Fig. 3a
and b summarize the changes of threshold voltages for the
WSe, FETs after the proton beam irradiation under dose con-
ditions of 10'2, 10*3, 10'*, and 10"® em™ for hole and electron
accumulation regimes at Vps = 1V, respectively. Note that the
threshold voltage was determined by the value of the x-inter-
cept of the tangent line from the point that has the maximum
differential value in the transfer curve. In Fig. 3a and b,
similar to Fig. 2, the threshold voltages for both hole and elec-
tron accumulation regimes moved to the negative gate voltage
direction for low dose conditions of ~10'?, 10'%, and 10™
em™2. In addition, as the irradiation dose increased, the
threshold voltages shifted more. However, the threshold
voltage of the devices irradiated with a high dose proton beam
(10" em™) shifted to the positive gate voltage direction.
Fig. 3c and d summarize the changes of the device current
after the proton beam irradiation for hole and electron
accumulation regimes, respectively. The currents shown in
Fig. 3c and d are the values measured at Vpg = 1 V with Vg =

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Threshold voltage shift measured at Vps = 1 V as a function of
proton irradiation dose condition for the (a) hole accumulation regime
and (b) electron accumulation regime. The normalized /ps (current ratio
before and after irradiation, Ixser/Ipefore) Measured at Vps = 1V as a func-
tion of proton irradiation dose condition for the (c) hole accumulation
regime and (d) electron accumulation regime.

—60 V for the hole accumulation regime and Vg = 60 V for the
electron accumulation regime. The device current for the hole
accumulation regime (Fig. 3c) decreased as the irradiation
dose increased to 10** em™2, and then it increased at a dose of
10"> em™. The current showed an opposite tendency for the
electron accumulation regime (Fig. 3d); the current increased
as the irradiation dose increased to 10'* em™2, and then it
decreased at a dose of 10'® cm™2. As we mentioned above,
these results can be explained by the irradiation-induced posi-
tive oxide traps in the gate dielectric SiO, layer and electron
trapping at the interface between SiO, and WSe,. Note that
mobility and subthreshold swing values are also summarized
as a function of proton dose (see Fig. S4 and S5 of the ESIY),
but they did not show a clear trend with the dose conditions
as the threshold voltages or currents did.

To verify whether such variations of electrical character-
istics are caused by proton beam-irradiated WSe, flakes them-
selves, we examined the structural characteristics, elemental
composition, and electronic state of WSe, flakes before and
after the proton beam irradiation by Raman spectroscopy and
X-ray photoemission spectroscopy (XPS). Fig. 4 shows the
measured results for a high dose condition of 10" cm™.
Raman mapping data of the WSe, flake (Fig. 4a and b) show
no noticeable differences before and after proton beam
irradiation. Specifically, in Raman spectra (Fig. 4c), the posi-
tion and intensity of three prominent Raman peaks corres-
ponding to the lattice vibration mode of E'5, (254 em™), Ay
(254 em™" and 264 cm™'), and B'5, (310 em™!)*®*Y*? were not
noticeably changed after proton beam irradiation. The XPS
result (Fig. 4d) shows three dominant binding energy peaks of
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tungsten and two dominant peaks of selenium.
peaks did not show a considerable change after proton beam
irradiation. Note that a little redshift (by ~0.1 eV) was observed
after proton beam irradiation (Fig. 4d), which may have origi-
nated from a dipole effect due to the irradiation-induced elec-
tron trapping at the interface between SiO, and WSe, with a
van der Waals gap.”*™*® As a result, the physicochemical
characteristics of WSe, were not damaged by proton beam
irradiation, and therefore, the change of the electrical charac-
teristics after proton beam irradiation is not considered to be
caused by the WSe, itself.

The experimental results can be explained by the combined
effects of the proton beam irradiation-induced traps and the
applied gate bias condition. When high-energy protons are
irradiated on the WSe, FETs, protons generate various kinds of
traps. The high energy protons slow down mainly by an elec-
tronic stopping process, generating electron-hole pairs. After
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the protons sufficiently slow down, they lose the majority of
the energy by a nuclear stopping process, and then they stop
near the stopping depth and damage the lattice around the
stopping depth.*”*° To calculate the stopping depth, we simu-
lated energy-loss profiles using Stopping and Range of Ions in
Matter (SRIM) software. According to the SRIM results, most of
the protons would stop near 700 pm from the surface (Fig. S6
in the ESIY). Since the thickness of the device is approximately
500 pm (4-7 nm for the WSe, flake, 270 nm for the SiO, layer,
and 500 pm for the Si layer), most of the protons would pene-
trate through the entire device structure and electron-hole
pairs are generated along the paths. The SiO, layer is the most
sensitive to the ionization process. After electron-hole pairs
are generated, they recombine for a few picoseconds, but some
of the holes remained near the generated location while elec-
trons are swept away much faster.’>>! The trapped holes in the
SiO, layer (denoted as “positive oxide traps”) cause the modu-
lation of gate electric field, resulting in the depletion effect of
holes and enhancement effect of electrons in the WSe,
channel (Fig. 5a and c). Some of the generated holes undergo
anomalous stochastic hopping transport through the SiO,
layer and reach the WSe,/SiO, interface under the high dose
conditions (Fig. 5e and g). These holes that reach the interface
can cause the formation of a layer of electron trapping sites,
resulting in the enhancement effect of holes and depletion
effect of electrons in the WSe, channel (Fig. 5e and g). As a
result, positive oxide traps play a role in enhancing electron
accumulation and reducing hole accumulation in the WSe,
channel, whereas the electron trapping sites near the WSe,/
SiO, interface (denoted as “interface electron trap sites”)
enhance hole accumulation in the WSe, channel. Because the
interface electron trap sites require a longer proton irradiation
time than the positive oxide traps, the effect of the positive
oxide traps in SiO, bulk is more influential for low dose con-
ditions (10", 10"%, and 10" ecm™) (Fig. 5a-d). In the energy
band diagrams, due to the positive oxide traps, electrons are
efficiently injected into the WSe, channel under positively
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Fig. 5 Schematic illustrations of the device structure and energy band diagrams depicting the conduction mechanism after proton beam irradiation.
For low dose conditions (102, 10*%, and 10* cm™), the effect of positive oxide traps is dominant, resulting in the enhancement of electron accumu-
lation in the channel (a—d). For the high dose condition (10*° cm™2), the effect of interface electron trap sites is dominant, resulting in the enhance-

ment of hole accumulation in the channel (e—h).
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applied gate voltage (Fig. 5b) while it becomes difficult to
inject holes into the WSe, channel under negatively applied
gate voltage (Fig. 5d). Thus, the threshold voltage shifts to the
negative gate voltage direction (Fig. 2a-c, 3a and b). As the
proton beam irradiation dose increases, more positive oxide
traps are generated. Therefore, the threshold voltage shift can
be larger because the positive oxide traps increase as the
proton beam irradiation dose increases, as shown in Fig. 3a
and b. However, under a high dose condition of 10" cm™, the
effect of interface electron trap sites becomes dominant, and
therefore, the threshold voltage shifts to the positive gate
voltage direction (Fig. 2d, 3a and b). Here, it becomes difficult
to inject electrons into the WSe, channel (Fig. 5f) and easier to
inject holes into the WSe, channel (Fig. 5h).

Conclusions

We investigated the irradiation effect of a high-energy (10
MeV) proton beam on the WSe, FETs with ambipolar charac-
teristics. The electrical properties such as the current and
threshold voltages of the WSe, devices were changed after
proton beam irradiation, depending on the beam dose con-
ditions due to the combining effect of the proton beam
irradiation-induced charges and applied gate bias. Under low
dose conditions (10", 10, and 10 em™?), the positive
trapped holes in the SiO, dielectric layer cause the modulation
of effective gate field on electron and hole accumulation in the
WSe, channel, resulting in a threshold voltage shift towards
the negative gate voltage direction. Under the high dose con-
dition (10" ¢m™), the irradiation-induced holes near the
WSe,/SiO, interface act as electron-trapped sites and enhance
hole accumulation in the WSe, channel, resulting in a
threshold voltage shift towards the positive gate voltage direc-
tion. This study may provide a method to control the electrical
properties of WSe, FETs through proton beam irradiation.
Furthermore, this study may contribute to a deeper under-
standing of the influence of high-energy proton beams on
ambipolar WSe,-based nanoelectronic devices and be helpful
for the application of TMD-based devices in harsh radiation
environments such as space.

Experimental section
Fabrication of WSe, FETs

WSe, flakes were exfoliated by the mechanical exfoliation
method from a bulk WSe, crystal (purchased from HQ
Graphene). The WSe, flakes were transferred onto a SiO,
(270 nm)/Si (500 pm) substrate. The Si substrate that was
heavily boron doped can be used as a bottom gate with a resis-
tivity 5 x 1072 Q em™. The thicknesses of WSe, flakes were
measured with an AFM (NX 10 AFM, Park Systems) and the
WSe, flakes with the thickness in the 4-7 nm range were used
to fabricate ambipolar FETs (Fig. S8t). The source and drain
electrodes were patterned by electron-beam lithography

This journal is © The Royal Society of Chemistry 2019
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(JSM-6510, JEOL). PMMA 950 K A5 (5% concentration in
anisole) and MMA (8.5) MAA (9% concentration in ethyl
lactate) were spin-coated as bilayer electron beam resists.
Then, Ti (5 nm)/Au (40 nm) was sequentially deposited as the
source and drain electrodes by electron-beam evaporation.

Electrical and optical characterization

The electrical characteristics of the fabricated devices were
measured in a probe station (ST-500, JANIS) using a semi-con-
ductor parameter analyzer (Keithley 4200 SCS) under vacuum
(~107* Torr). Raman spectra of WSe, flakes were recorded by
using a Raman spectrometer (XperRam 200, Nanobase, Inc.)
with a 532 nm laser as the excitation source. The laser power
was 40 pW with a diffraction-limited laser spot size of ~1 pm.
The XPS spectra were measured by electron spectroscopy for
chemical analysis (AXIS SUPRA) at the National Center for
Inter-university Research Facilities.

Proton beam irradiation

The fabricated devices were exposed to proton beams with
different dose conditions of 10'%, 10", 10'*, and 10" cm™.
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 had an energy of 10 MeV with an
average current 10 nA, corresponding to irradiated 6.25 x 10'°
protons per seconds. All the measurements for the proton-irra-
diated devices were performed one day after the proton
irradiation since the radioactivity had to fall below the safe
level.
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