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Are two-dimensional materials radiation tolerant?

Arkady V. Krasheninnikov®?

Two-dimensional (2D) materials have many unique properties, which can be exploited in various
applications. In particular, electronic devices based on 2D materials should ideally be suited for
the operation in outer cosmic space due to their low weight, small size and low power consump-
tion. This brings about the issue of their radiation hardness, or tolerance, which has recently been
addressed in a number of studies. The results of these investigations are somewhat counterintu-
itive: although one can naively expect that atomically thin structures should easily be destroyed
by the beams of energetic particles, the devices made from 2D materials were reported to exhibit
extraordinary radiation hardness. In this Focus article, an overview of the recent studies on the
subject is given, followed by the discussion of the origin of the reported high tolerance, which is
inherently related to the response of 2D materials, the systems with the reduced dimensionality, to
irradiation. The analysis of the experimental and theoretical data on the behavior of 2D systems
under irradiation indicates that although free-standing 2D materials can indeed be referred to as
radiation resilient systems under irradiation conditions corresponding to the outer space, this is
generally not the case, as the environment, e.g., the substrate, can strongly influence the radiation
tolerance of 2D materials and devices based on these systems.

1 Introduction

The isolation of a single sheet of graphenell has directed the
attention of the scientific community towards two-dimensional
(2D) materials. Many 2D systems beyond graphene, e.g.,
hexagonal boron nitride (h-BN), transition metal dichalcogenides
(TMDs), and metal-organic framework nanosheets have been
produced by mechanical® and chemical® exfoliation of their lay-
ered bulk counterparts, as well as by growth techniques based on
chemical catalyst-free vapor-solid methods®, atomic layer depo-
sition®, or liquid/air interfacial synthesis techniques@. 2D ma-
terials have been demonstrated to have many unique properties,
which can be exploited in various applications, see, e.g., Ref. 7
for an overview. In particular, electronic devices based on 2D ma-
terials, such as transistors, sensors, single-photon emitters, etc.
should ideally be suited for aerospace and open space applica-
tions due to their low weights, small sizes and low power con-
sumption. This means that they will be operating in a radiation-

Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-
Rossendorf, 01314 Dresden, Germany E-mail: a.krasheninnikov@hzdr.de
bDepartment of Applied Physics, Aalto University School of Science, P.O. Box 11100,
00076 Aalto, Finland

hostile environment, as the devices will be subjected to fluxes
of radiation, such as high-energy protons and heavier ions, elec-
trons, X-ray and y—rays. This brings about the issue of their radia-
tion tolerance, which can also be referred to as radiation hardness
or susceptibility.

Radiation tolerance is a characteristic of a material subjected to
beams of energetic particles or y—rays, which indicates how long
a device based on this material can operate under constant flux
of energetic particles in a radiation-hostile environment®. The
malfunction of the device is normally associated with the accu-
mulation of irradiation-induced defects, but other mechanisms of
device failure are possible, e.g., in addition to lattice displace-
ments by direct particle knock-on or ionization damage, high cur-
rents related to the generation of electron-hole pairs can destroy
the device. A quantitative analysis of materials in the context of
radiation tolerance is difficult, as the criterion of the failure obvi-
ously depends on the device. Nevertheless one can speak of the
concentration of defects produced in the sample after exposure to
a certain fluence of energetic particles. It should be pointed out,
though, that even for the same concentration of defects, their ef-
fects on the electronic properties can be different and depend on
where the defect-induced electronic states appear (in the gap or
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in the valence/conduction band) upon defect formation, as dis-
cussed, e.g., for 2D TMDs2. For systems irradiated with different
particles one can also estimate the amount of absorbed energy
per mass unit of the material, but for 2D system this quantity is
not well defined, as discussed below.

Radiation hardness of 2D materials has recently been ad-
dressed in a number of studiesl913, The results of these inves-
tigations were somewhat puzzling: although one can expect that
atomically thin structures should easily be destroyed by the beams
of energetic particles, the devices made from 2D materials were
reported to exhibit rather high radiation tolerance in terms of the
irradiation fluence. Even a conclusion about their ’extraordinary’
hardness (with respect to the bulk counterparts) was made af-
ter the estimates of the life time of the devices based on TMDs,
which corresponded to at least hundreds of years of unshielded
exposure to radiation in open space 13,

In this article, an overview of the recent studies on the sub-
ject is given with the main focus on ion irradiation, followed by
the discussion of the origin of the reported high tolerance, which
is inherently related to the response of 2D materials to particle
irradiation. We also address the effects of the environment on
the defect production in 2D systems, which naturally affects their
radiation hardness.

2 Experiments on irradiation tolerance of
2D materials

The response of 2D materials to irradiation (mostly with ions
and electrons) has extensively been studied, see Refs. 14418 for an
overview. In particular, the effects of particle irradiation on the
electronic transport properties have been addressed1223, How-
ever, normally rather low ion energies were used in these studies
(e.g., 30 keV He ions), and in the following we concentrate on
the data relevant to the outer space or other radiation-hostile en-
vironments (particle accelerators, nuclear facilities, etc.)

The evolution of the electrical characteristics of a MoS,-based
field-effect transistor (FET) under irradiation with 10 MeV pro-
ton beams has been studied by Kim et al 12, For a low proton
fluence of 1012 cm~2, the device performance remained almost
the same as before the sample was subjected to irradiation. For
a higher proton fluence of 10'3 or 10'* cm~2, a dramatic reduc-
tion in the conductance of the devices was observed, as evident
form Fig. [1} which shows the images of the sample, irradiation
setup and drain-source current-to voltage characteristics before
and after the exposure to the beam. The deterioration of the de-
vice performance was associated not with the defects produced in
the 2D system, but attributed to the presence of charge traps in
the oxide substrate and their subsequent impact on the electrical
characteristics of the device.

Ochedowski et al. 19 have investigated the performance of field-
effect transistors based on graphene and MoS; under 1.14 GeV
U2+ jon beam. The highest applied fluence of 4 x 10'! ions/cm?
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was found to destroy the MoS,-based transistor, while the device
with graphene could operate, although its performance deteri-
orated considerably. It is interesting to note that the improve-
ments in the operation of some devices was reported, which may
have the same origin as defect annealing in graphene upon low-
fluence high energy ion irradiation®# or the enhancement of the
electronic properties of MoS, after low-fluence He ion bombard-
ment 19,

The behavior of electronic devices such as field-effect transis-
tors based on 2D MoS, and WS, and single-photon sources based
on h-BN under combined 7y-ray, proton and electron beam irra-
diation has also been studied!!' in the context of their radia-
tion tolerance for space applications. It was found that the de-
vices showed negligible changes in performance after the irra-
diation with the doses equivalent to what one can expect after
being for 103 years at 500 km above the polar caps. Counter-
intuitively, monolayer WS, exhibited decreased defect densities
under high-dose y-radiation, as identified by an increase in photo-
luminescence, carrier lifetime and a change in doping ratio pro-
portional to the photon flux. The underlying mechanism was as-
sumed to be related to radiation-induced defect healing, possi-
bly due to the passivation of sulfur vacancies by the dissociated
oxygen, in line with the observations reported by Ochedowski et
al. 10,

The assessment of the radiation hardness of 2D materials using
typical electrical measurements is not straightforward due to the
fact that the substrate can trap charges. Thus, to further investi-
gate how the defects produced in the substrate affect the perfor-
mance of the irradiated FET devices based on a 2D material, in a
recent study by Arnold et al. 13, a special experimental setup was
used to decouple the radiation impact due to the defects in the 2D
semiconducting channel and the irradiation-induced change in
the oxide dielectric. Specifically, the substrate and semiconduct-
ing 2D material (MoS,) were irradiated separately, then the de-
vice was made (irradiated MoS, plus pristine substrate and vice-
versa), and its transport characteristics measured and compared
to those obtained from the device which was assembled from the
pristine components and then irradiated. The results showed that
the interface states play a major role in the electrical characteris-
tic following irradiation with a He ion fluence of 10'® ions/cm?,
whereas oxide charges have dominant effect for the case exposed
to a proton fluence of 1.26 x 10'® jions/cm?. A conclusion about
"extraordinary" radiation hardness of atomically thin MoS,” was
made.

3 Response of 2D materials to energetic
particle irradiation

To rationalize the results of the experiments discussed above, it
is necessary to address first the defect production in 2D mate-
rials under energetic particle irradiation. Here we concentrate
on ion bombardment, and analyze the general trends in dam-
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Fig. 1 (a) Optical images showing a MoS, FET device. (b) Schematic illustration of proton beam irradiation of the device. (¢) AFM image of the MoS,2
FET device with a cross-sectional topographic profile indicated by the blue line. Red dashed lines in (a) and (c) indicate the flakes. (d) Representative
electrical characteristics of MoS, FET devices before and after proton irradiation with a beam fluence of 10'> cm=2 . The same for a fluence of 10"

cm~2. The images adapted with permission from Ref. 12,

age creation, accumulation and annealing. We do not explic-
itly present the results of numerous experimental and theoretical
studies, and refer the reader to the recent comprehensive review
articles 141825 on the subject. The studies indicate that although
the impacts of energetic ions give rise to defects in both bulk and
2D materials, the response of 2D materials to irradiation can be
quite different from that in bulk systems, as schematically illus-
trated in Fig.

Defects can appear through nuclear collisions or, at higher ion
energis through electronic excitations and ionization with the
threshold values for defect production being dependent on ion
and target atom masses, ion energy, ion charge state and the elec-
tronic structure of the target. In both bulk and 2D systems, at low
ion energies (below 100 eV) the defects are formed through bal-
listic displacement of atoms when ion energy exceeds a certain
threshold value £/, 2731, In supported 2D materials 9325, that
is deposited on a substrate, EJ; is expected to be higher, as the
substrate should stop the displaced atoms and facilitate the im-
mediate annihilation of vacancies. At higher ion energies, the
atoms sputtered from the substrate or backscattered ions can cre-
ate additional damage in the 2D target. In fact, for light ions with
medium energies, the defect production in 2D systems can be
completely governed by the backscattered ions and atoms sput-
tered from the substrate rather than by the direct ion impacts.
In both 2D and bulk materials, the number of defects per ion
impact first grows up with ion energy. However, it starts decreas-
ing at some point in 2D systems as less ion energy is deposited
into the sample due to a drop in the cross-section for atom dis-
placement and the absence of collisional cascades, as established
within the framework of the binary collision approximationw.

The maximum in defect production is in the range of 10> — 103 eV.
In contrast, all ion energy is eventually transferred to defects and
heat in the bulk system (assuming that the ion range is smaller
than the thickness of the target), and more defects are produced
with increasing energy, although deeper in the sample. The col-
lisional cascades do not develop in 2D materials especially for
the free-standing sheets (deposited on a grid or suspended over a
trench in the substrate), and most of the energy transferred from
the ion to the the primary recoil atom is taken away from the sys-
tem. At higher energies ions go through the 2D system without
producing much damage through ballistic collisions.

Defects start appearing again at higher ion energies due to ion-
ization effects, that is a large amount of energy deposited into
electronic excitations followed by the conversion of the excita-
tion energy into defects. The threshold Ef}f for defect production
through this channel depends on the electronic structure of the
material, and can be very high for 2D systems with high electron
mobility and thermal conductance: for example, the experiments
and simulations3739 indicate that holes in graphene appear at
ion energies in tens of MeV range corresponding to electronic
stopping power of a few keV per graphene layer. To this end,
conducting 2D materials should be more radiation-tolerant than
insulating

The substrate, however, decreases the threshold3®. The de-
fects in the supported graphene appear due to the atoms sput-
tered from the core region of the track formed in the substrate.
Moreover, experimentslm| showed that graphene on a dielectric
substrate can be cut and folded under impacts of swift heavy ions
(with energies of the order of 100 MeV) with grazing trajectories
due to a combination of defect creation in the graphene layer and
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Fig. 2 (a) Schematic illustration of the main differences in defect production in bulk and free-standing 2D materials under impacts of energetic ions.
In both systems, at small ion energies defects appear through ballistic displacement of atoms when ion energy exceeds a certain threshold value EJ;.
In supported 2D materials EJ}, is higher, as the substrate stops the displaced atoms. At higher ion energies, the atoms sputtered from the substrate or
backscattered ions can create additional damage in the 2D target. In both 2D and bulk materials the number of defects first grows up with ion energy.
However, defect production decreases at some point in 2D systems as less ion energy is deposited into the sample due to a decrease in cross-section
and the absence of collisional cascades. In contrast, all ion energy is eventually transferred to defects and heat in the bulk system, and more defects
are produced, although deeper in the sample. When energy deposited in electronic excitations exceeds also the threshold value E¢/, the number of
defects in the 2D system can start growing again. (b,c) Examples of damage productions in 2D systems as obtained in atomistic simulations of He
ion irradiation. Average number of atoms sputtered from MoS, (b) and graphene (c) per He ion impact as functions of ion energy. The corresponding
numbers for free-standing monolayers (grey) and the direct sputtering (red) are shown for comparison. The images adapted with permission from

Ref.26

hillock creation in the substrate. The folded parts were reported
to be up to hundreds of nm in length, indicating that the radia-
tion hardness of supported graphene is in general questionable,
as impacts of ions with grazing trajectories cannot be excluded.

The annealing of defects is also important in the context of
the radiation hardness of 2D materials. Contrary to the bulk
systems, where the effects of the environment on defect evolu-
tion are normally ignored, 2D materials consist of essentially sur-
face only, so that additional defects can appear (e.g., due to the
interaction with the reactive species like oxygen molecules) or
the other way around, disappear — an example is the self-healing
of vacancies in graphene due to the dissociation of hydrocarbon
molecules*d, On the other hand, while impacts of energetic ions
produce interstitial-vacancy pairs in bulk systems, only vacancies
will be left in the 2D structure, as displaced atoms will be sput-
tered away. This also complicates the assessment of the deposited
energy per mass unit of the system. For supported 2D systems,
the evolution of defects, e.g., vacancies, may also be dominated
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by the interaction of defects with the substrate2+44,

4 Conclusions and outlook

As evident from the above, putting aside the limit of low (tens of
eV) ions, projectiles with the same energy will produce less de-
fects in free-standing 2D structures than bulk materials. This is
related to several factors: (i) absense of collisional cascades, (ii)
the recoil atoms are predominantly sputtered away, and as they
may have considerable kinetic energy, the actual deposited energy
can be much smaller than the energy lost by the projectile. (iii)
In-situ healing of defects during the irradiation due to the inter-
action with the environment provided that the species required
to 'mend’ the damage are present. Thus, using the number of de-
fects produced in the system after the ion impact as a measure,
2D systems can indeed be regarded as radiation-tolerant systems.

Conducting 2D materials should be more radiation-tolerant
than insulating under impact of high-energy particles, when ion-
ization and electron excitations are the dominant mechanisms



of damage creation. Presumably, radiation hardness can be en-
hanced by doping the system, provided that it is consistent with
the device operation. Besides, making heterostructures by com-
bining semiconducting/insulating 2D materials with metallic ones
can increase the stability of the former under high-energy ion
bombardment by decreasing charge accumulation and also sup-
pressing sputtering, similar to the results of the experiments on
the behavior of TMD/graphene heterostructures under electron
beam™®. The results of very recent experiments4® on the response
of such heterostructures to impacts of highly-charged ions seem
to confirm this.

However, in the devices where supported 2D materials will be
used (and this is likely going to be the most common case), the
substrate can strongly influence the behavior of 2D materials un-
der irradiation, and even a single impact of a high-energy ion
can completely destroy the 2D component due to atoms sputtered
from the substrate or the development of mechanical strain in the
2D system due to deformation (e.g., hillock creation) in the sub-
strate.

Overall, more experimental work is required to systematically
study the response of various devices based on 2D materials to
irradiation in the context of their radiation hardness. The re-
cently suggested approach ! where substrate and 2D system are
irradiated separately, then the devices are made, and their char-
acteristics are compared to that of the devices assembled from
pristine components and then irradiated, appears to be the most
promising route to separate the effects of the environment and
’intrinsic’ radiation hardness of a 2D material. The ’traditional’
devices should also be studied under exactly the same conditions
if a direct comparison is required.
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