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Abstract

Two-dimensional transition metal dichalcogenide (TMDC) semiconductors are emerging as
strong contenders for electronic devices that can be used in highly radioactive environments such
as outer space where conventional silicon-based devices exhibit nonideal characteristics for such
applications. To address the radiation-induced interface effects of TMDC-based electronic
devices, we studied high-energy proton beam irradiation effects on the electrical properties of
field-effect transistors (FETs) made with tungsten diselenide (WSe,) channels and hexagonal
boron-nitride (hBN)/SiO, gate dielectrics. The electrical characteristics of WSe, FETs were
measured before and after the irradiation at various proton beam doses of 10%3, 10", and

10" cm ™2 In particular, we demonstrated the dependence of proton irradiation-induced effects
on hBN layer thickness in WSe, FETs. We observed that the hBN layer reduces the
WSe,/dielectric interface effect which would shift the transfer curve of the FET toward the
positive direction of the gate voltage. Also, this interface effect was significantly suppressed
when a thicker hBN layer was used. This phenomenon can be explained by the fact that the
physical separation of the WSe, channel and SiO, dielectric by the hBN interlayer prevents the
interface effects originating from the irradiation-induced positive trapped charges in SiO,
reaching the interface. This work will help improve our understanding of the interface effect of
high-energy irradiation on TMDC-based nanoelectronic devices.

Supplementary material for this article is available online
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1. Introduction issues include addressing the intense radiation in space and

managing the substantial costs and weight limitations asso-

The space industry, fueled by human curiosity about outer
space, has experienced notable growth over recent decades.
Electrical engineering is integral to this progress, facing dis-
tinctive challenges due to the hostile space environment. Key

* Authors to whom any correspondence should be addressed.

ciated with launching spacecraft [1-3]. Conventional silicon-
based transistors are increasingly unsuitable for space appli-
cations due to their vulnerability to radiation damage [4].

In response to these challenges, two-dimensional (2D)
transition-metal dichalcogenides (TMDCs) have emerged as
promising candidates as alternatives to silicon. Among those,
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tungsten diselenide (WSe,) is widely studied as a TMDC
semiconductor due to its ambipolar transporting character-
istics having a layered structure, of which a single layer is
approximately 0.7 nm thick [5, 6]. TMDC-based transistors
are characterized by low power requirements and minimal
thickness, offering potential weight reductions and enhanced
radiation resistance [7-9]. Their inherent flexibility also paves
the way for innovative design approaches, such as foldable
kirigami or origami structures, which could further reduce
overall costs [10-12].

For these reasons, there has been considerable research
on the irradiation effects of TMDC transistors [8, 9, 13, 14].
Kim et al studied the changes in electrical characteristics of
molybdenum disulfide field-effect transistors (FETSs) irra-
diated with 10 MeV proton beams [8]. Similarly, Shin et al
reported on the irradiation effects of WSe, FETs exposed to
10 MeV proton beams [14]. Table S1 in the supplementary
material summarizes the studies regarding the irradiation
effects on TMDC-based devices. These studies, among oth-
ers, have shown that the electrical characteristics of TMDC-
based FETs change upon proton irradiation, but the changes
are attributed to effects on parts such as SiO, dielectric other
than the TMDC channel, indicating that the TMDC itself is
more resistant to radiation compared to silicon [8, 14, 15].
However, to our knowledge, none of these studies have
specifically isolated the effects from the interface that the
TMDC channel forms with other parts. Given that 2D mate-
rials have a larger surface-to-volume ratio compared to con-
ventional three-dimensional materials, they are significantly
influenced by interface effects. Therefore, it is essential to
separate effects originating from the interface to properly
investigate TMDC irradiation effects.

In this work, we examined the effects of high-energy
proton beam irradiation of WSe, FETs, incorporating a hex-
agonal boron nitride (hBN) interlayer between the SiO, di-
electric and the WSe, channel to suppress such interface
effects [16]. By varying the thickness of the hBN interlayer,
we also investigated whether the separation distance between
Si0, and WSe, affects the irradiation effect on the FETs. We
found out that the hBN interlayer effectively suppressed the
interface effect of the proton beam irradiation when the hBN
layer was sufficiently thick to separate the SiO, dielectric far
enough from the WSe, channel. Our results provide a deeper
understanding of the interface effects of 2D semiconductors
under harsh conditions like radiation and pave the way for the
application of 2D materials in future space electronics.

2. Experiment

To investigate the influence of hBN thickness on the effect of
proton irradiation and their interface effects, we fabricated
two types of FETs with different hBN interlayer thicknesses:
one ranging between 20 and 30 nm (denoted as thin hBN) and
another between 90 and 110 nm (denoted as thick hBN). The
schematic image in figure 1(a) shows a WSe,/hBN hetero-
structure back-gated FET fabricated on a p++ Si (highly
boron-doped silicon) substrate with a 270 nm SiO, layer. We

transferred mechanically exfoliated WSe, flakes onto desired
hBN flakes by using the dry transfer technique. We used
WSe, flakes with a thickness of 2—-10 nm in this study, which
are 3-14 layers thick. Source and drain contact electrodes
were patterned by e-beam lithography, followed by deposit-
ing Ti (5nm thick)/Au (50 nm thick) using electron beam
evaporation. Lastly, to avoid unwanted effects from envir-
onments during electrical characterizations and proton beam
irradiation, we encapsulated the FETs with an additional hBN
layer (~15 nm thick). Figure 1(b) shows an optical image of a
hBN/WSe,/hBN heterostructure FET. The encapsulation
was particularly necessary since the electrical properties could
be inevitably altered by the ambient environment. The
thicknesses of the hBN and WSe, flakes were confirmed
using atomic force microscopy (NX 10 AFM, Park Systems),
as shown in figure 1(c) and figure S1 in the supplementary
material.

We then annealed the fabricated devices at 200 °C for an
hour in a vacuum (rlef2 Torr) and consecutively char-
acterized their electrical properties, such as the transfer
characteristic curves (drain-source current versus gate volt-
age; Ips—Vgs) of the FETs, using a semiconductor parameter
analyzer (Keithley 4200 SCS) in a vacuum probe station (MS
Tech M6VC). Then, each FET was irradiated with a proton
beam with an energy of 10 MeV using the MC-50 cyclotron
at the Korea Institute of Radiological and Medical Sciences,
as shown in figures 1(d) and (e). Three different doses of
proton beam were irradiated to devices: 10, 10", and
10" cm ™2, with each dose applied to both types of devices
with thin and thick hBN layers. The irradiation area was as
large as a few square centimeters so that it could cover the
entire devices and substrates. After the proton irradiation, we
annealed FETs again and measured the electrical character-
istics of the proton-irradiated devices under the same mea-
surement conditions.

3. Results and discussion

Figure 2 shows the changes in the transfer characteristics of
FETs with thin and thick hBN interlayers before and after the
proton beam irradiations under different dose conditions. The
representative thin and thick hBN devices are presented in
figures 2(a) and (e), respectively, showing ambipolar tran-
sistor behaviors. For all proton doses, we could observe a
threshold voltage shift in the transfer curve to a certain
direction before and after proton beam exposure. According
to a previously reported study, when a proton beam was
irradiated to WSe, FETs without hBN interlayers, doses of
10" cm™ or below induced a negative threshold voltage
shift, but at a higher dose, a positive threshold voltage shift
occurred. These phenomena were explained by the irradia-
tion-induced positive oxide traps in the gate dielectric that can
generate additional electric field to the devices at low proton
dose conditions. On the other hand, under a high irradiation
dose condition, electron trapping at the interface between
Si0, and WSe, could be promoted, resulting in the threshold
voltage shift to the positive direction [14].
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Figure 1. (a) A schematic of a fabricated device irradiated with a proton beam. S and D mean source and drain electrodes made with Ti/Au,
respectively. (b) An optical image of a WSe,/hBN FET with WSe, channels (red dotted lines) on a 100 nm-thick bottom hBN layer (outer
blue dotted line). The device is encapsulated with a top hBN layer (inner blue dotted line). The inset shows the thickness of the bottom hBN
layer, measured with AFM. (c) AFM image of the zoomed-in area in (b) with a cross-sectional height profile of a WSe, flake. (d) An image of
the chamber where protons are irradiated to the devices, with (e) a zoomed-in image of the mounted device.
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Figure 2. Optical images of WSe,/hBN FETs and their transfer curves before and after proton beam irradiation. (a) An optical image of a
device with a thin hBN layer (typical thickness of 20-30 nm) and the transfer curves of WSe, FETs with thin hBN layers before and after the
irradiation with a proton beam dose of (b) 102 em ™2, (¢) 10" cm ™2, and (d) 103 cm 2. (e) An optical image of a device with a thick hBN
layer (typical thickness of 90—110 nm) and the transfer curves of WSe, FETs with thick hBN layers before and after the irradiation with a
proton beam dose of (f) 103 em™2, (2) 10" em™, and (h) 10"° em™. All measurements for (b—d) and (f-h) are done under the voltage drop

between the source and drain electrodes of 1 V.

Likewise, for WSe,/hBN heterostructure FETs, as
shown in figures 2(c) and (g), a dose of 10" cm ™~ resulted in
a negative shift of the threshold voltage, irrespective of hBN
layer thickness, which is a similar result to the case of low-
dose proton irradiated WSe, FETs without hBN layers since
this is due to the additional electric field by irradiation-
induced positive oxide-trapped charges in the SiO, layer.
However, under a high dose of 10" cmfz, the FETs with a

thin hBN layer showed a negligible threshold voltage shift
(figure 2(d)), while the ones with a thick hBN layer kept
exhibiting a noticeable negative threshold voltage shift
(figure 2(h)). It should be noted that WSe, FETs without hBN
interlayers showed a positive threshold voltage shift after a
high dose of 10" cm™? irradiation [14]. This can be inferred
that the addition of a sufficiently thick hBN layer could
prevent the electron trapping effect at the interface with SiO,
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at high proton irradiation doses. The output curves for the
cases of 10" cm™? dose are shown in figure S2 in the sup-
plementary material, which further supports the suppressing
effect of hBN. More details will be discussed later. Mean-
while, we could observe increased drain current at positive
Vs and decreased current at negative Vgg in both thin and
thick hBN interlayer devices when the dose was 10" cm 2
(figures 2(b) and (f)), which may be attributed to the oxidation
of the channel. It has been known that WSe, FETs are prone
to oxidation under ambient conditions at moderate tempera-
tures, resulting in similar transfer characteristic changes
[17, 18], and the encapsulation may not be perfect because we
transferred the top hBN layer after the deposition of metal
electrodes. We also confirmed that separate measurements on
a control device with a thick hBN layer, which was fabricated
and treated identically but without proton irradiation, showed
a similar drain current change (figure S3 in the supplementary
material). Given this, it is inferred that the current changes in
WSe, FETs irradiated with a proton beam with a dose of
10" em™2, irrespective of hBN thickness, arose because the
effect of the irradiation-induced negative threshold voltage
shift was overshadowed by the oxidation effect.

To quantitatively analyze the effect of proton irradiation on
WSe,/hBN FETs, we evaluated the change in threshold voltage
after irradiation (AVyy) and the drain-source current ratio
between before and after irradiation (Zugier/ petore) in the electron
accumulation region for different proton doses and hBN thick-
nesses. Particularly, when calculating the current ratio, the values
of Vgs were chosen accordingly for different hBN thicknesses to
ensure an equal gate electric field across the WSe, channels. The
Vry value was determined by the x-intercept of the tangent line
at the point with maximum transconductance. Error bars are
presented in figure 3 only when multiple devices (typically, 2-3
devices) were measured at each condition of dose or hBN layer
thickness. Note that we were not able to conduct many experi-
ments due to various limitations such as device fabrication and
the proton-irradiation facility access.

For WSe, FETs with thin hBN interlayers, as shown in
figure 3(a), Vry further shifted to a negative gate voltage
direction as the proton dose increased from 10" to 10" cm 2.
However, at a proton dose of 10 em™2, Vru shifted posi-
tively and AVry increased to a value similar to that for the
103 cm 2 dose case. These are similar results reported for
WSe, FETs without hBN layers [14], but the positive shift of
Vru at the 10" ecm 2 proton dose for WSe, FETs with thin
hBN layers is less drastic. Regarding the current ratio shown
in figure 3(b), the current ratio at the 10'> cm 2 proton dose
case was similar to that of the 10" cm ™2 dose case, which is
different from the trend from low doses where the current
ratio increased as the dose increased from 10" to 10" cm 2.
In short, there is a trend change in both AVyy and Loger/Toefore
values between low and high doses of proton irradiation, but
the change was smaller compared to that of one without hBN.

However, for WSe, FETs with thick hBN layers, as
shown in figure 3(c), the trend that Vyy shifts even further to a
negative direction as the dose increases remained unchanged
even at a high dose of 10" cm™2, indicating that the factor
which made Vry shift positively for the case of WSe, FETs

without hBN layers at the high dose of 10" cm ™2 could be
prevented by the introduction of a thick hBN layer. Also, this
contrasts with the behavior observed in WSe, FETs with thin
hBN layers (figure 3(a)), which suggests that the hBN layer
should be thick enough to properly prevent the positive Vry
shift due to the charge trapping at the interface. This pattern
was also evident in the current ratios, as shown in figure 3(d),
i.e. the current ratio consistently increased as the dose
increased up to 10" cm ™2,

In particular, to understand how the hBN layer and its
thickness influence the trend of AVyy at the high dose of
10" cm™2, it is essential to understand the behavior of irra-
diated protons as they pass through the device. When the
devices are exposed to a proton beam, the protons lose energy
as they penetrate through the device and eventually stop at a
certain point called the ‘stopping position’, where they release
most of their energy [1, 19]. Using the stopping and range of
ions in matter (SRIM) simulation, we could approximately
determine this stopping position [20]. As figure S7 in the
supplementary material shows, the stopping position for
protons in the WSe,/hBN heterostructure FETs used in this
study was estimated to be ~700 pm, while the device itself is
approximately 500 ym thick. This indicates that nearly all the
protons can pass through the FETs without dissipating much
energy to the WSe, and hBN layers. Thus, in these FETsS, the
SiO, layer is most affected by the proton beam and the
electrical properties of the WSe, channel itself possibly
remain unchanged by proton irradiation of 10MeV [14].
According to previous studies, it has been known that irra-
diated protons generate electron—hole pairs as they penetrate
through the SiO, layer. The electrons, which have higher
mobility than the holes, are quickly swept away within a
picosecond or less [21]. On the other hand, while some holes
recombine with electrons, other holes stay nearby where they
were created and are trapped in the SiO, layer [22, 23]. These
irradiation-induced positively charged oxide-trapped holes
(denoted as positive oxide-trapped charges) apply a positive
gate bias to the WSe, channel, resulting in a negative
threshold voltage shift. For WSe, FETs without hBN layers
irradiated with a moderate dose (i.e. 10" cmfz) of the proton
beam, the effect from irradiation-induced positive oxide-
trapped charges in the SiO, layer is dominant, leading to a
negative threshold voltage shift. Meanwhile, a partial number
of irradiation-induced positive oxide-trapped charges can
move to the interface of the SiO, layer via hopping transport
through localized states in SiO,, and be trapped at the inter-
face between the channel and dielectric. In bare WSe, FETs
without an hBN layer where the SiO, layer and WSe, channel
are directly in contact, the irradiation-induced positive trap-
ped charges at the SiO, interface can cause the formation of a
layer of electron trapping sites in the channel near the inter-
face, causing a positive threshold voltage shift. At a higher
proton dose, this effect was found to be dominant over the
gate modulation effect from the irradiation-induced positive
oxide-trapped charges in the SiO, layer [14].

In WSe,/hBN FETs with thin hBN layers, the threshold
voltage shifts depending on irradiation doses behave similarly
to the case for bare WSe, FETs (figures 3(a) and (b)).
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Figure 3. (a) Threshold voltage changes (AVy,) and (b) current ratio (102(/aier/Isefore)) at Vgs = 40 V of WSe, FETs with thin hBN layers.
(c) AVy, values and (d) log(Zafier/Igefore)) Values at Vgs = 52 'V of WSe, FETs with thick hBN layers.

However, in WSe,/hBN FETs with thick hBN layers, the
positive threshold voltage shift caused by the interface-trap
sites was not apparent and only the negative shift caused by
the positive oxide-trapped charges in the SiO, bulk layer was
evident even at the high dose condition (figures 3(c) and (d)).
This result can be explained by the effect of a thick hBN layer
preventing positive oxide-trapped charges from reaching the
WSe,/hBN interface by physically separating SiO, and
WSe,. Figures 4(a)—(c) show the schematics of proton-irra-
diated WSe, FETs with thin hBN. For the irradiation-induced
positive oxide-trapped charges to cause a positive shift in
threshold voltage, they should reach the WSe, /hBN interface
past the hBN layer and form electron trap sites in the channel
at the interface. It is possible that some of the irradiation-
induced oxide-trapped charges generated in SiO, migrate into
hBN via hopping transport through defects in the hBN
[24, 25], reaching the WSe,/hBN interface. For FETs with
thin hBN, at the low proton dose conditions (figure 4(b)), the
effect of the positive oxide-trapped charges in the SiO, bulk is
dominant, whereas, at the high proton dose condition, some
positive oxide-trapped charges in the SiO, bulk can reach the
WSe,/hBN interface, causing the positive shift in threshold
voltage (figure 4(c)). Meanwhile, for FETs with thick hBN,
the phenomenon is similar at the low proton dose conditions

(figure 4(e)), but even the high dose condition of 10" cm 2 is

insufficient for a part of positive oxide-trapped charges to
reach the WSe,/hBN interface, thus the effect of gate mod-
ulation from the positive oxide-trapped charges in the SiO,
bulk can be dominant (figure 4(f)). Thus, the interface effect
weakens when the distance between the WSe, channel and
the SiO, layer is larger, which is when the hBN layer is
thicker. In summary, more electron trap states could be
formed in the WSe,/hBN interface of thin hBN FETs than in
thick hBN FETs as shown in figures 4(c) and (f). Note that the
idea that irradiation-induced positive oxide-trapped charges
can transport into the hBN layer also explains the abnormal
current lowering of proton-irradiated FETs with thin hBN
shown at high positive Vgg (figure 2(c)). Irradiation-induced
oxide-trapped charges can migrate following the applied gate
voltage [22, 23, 26]. Thus, when a strong positive gate
voltage is applied to the FETs, more holes may migrate to the
WSe,/hBN interface, forming electron trap sites in the
channel interface, thereby hindering electron transportation in
the channel. This effect was much less apparent for FETs with
thick hBN (figures 2(g) and (h)), because the hBN was too
thick for holes to migrate to the interface, thereby enhancing
the resilience of 2D van der Waals material-based electronic
devices against high-energy beam irradiation.
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4. Conclusion

We examined the effect of high-energy proton beam irradia-
tion on WSe,/hBN heterostructure FETs. For FETs with
thick hBN layers, the transfer curve consistently shifted in the
negative direction across all irradiation doses, while the
threshold voltage shifted positively under a high dose of
proton irradiation (1015 cmfz) for FETs with thin hBN layers.
This is because hBN separates the WSe, channel and the SiO,
dielectric so that fewer irradiation-induced positive oxide-
trapped charges can transport to the WSe,/hBN interface and
form electron trap sites. The sufficiently thick hBN layer can
prevent the positive threshold voltage shift arising from the
interface effect. Our study advances the understanding of the
impact of proton beam irradiation on 2D TMDC-based
devices. It highlights the potential of hBN as an interlayer for
mitigating irradiation-induced effects. This finding is pivotal
in realizing reliable, 2D-based electronic applications capable
of withstanding harsh environments.
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