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Self-healing materials that can repair damage related to defects
or cracks have attracted increasing attentions in recent years.
However, they are mostly limited to polymers. Self-healing
defects in graphene open up an interesting possibility.[1] As
one of the strongest materials, graphene consists of planar
sp2-hybridized carbon bonds.[2–4] It has an extremely high
2D modulus of 340 N m−1 and an ultimate tensile strength
reaching 42 N m−1 (corresponding to Young’s modulus of 1 TPa
and intrinsic strength of 130 GPa).[3] These excellent mechanical properties make graphene an attractive structural material in applications ranging from people’s daily life to space
exploration.[5–8] However, applications of graphene in some
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Self-Passivation of Defects: Effects of High-Energy Particle
Irradiation on the Elastic Modulus of Multilayer Graphene

extreme conditions, such as those with high-energy irradiation in outer space, result in various crystal defects that weaken
this intrinsically strong material.[9] For example, in the outer
space, the energy of cosmic rays, which mainly consist of protons and He2+ particles, is extremely high. Their energy distribution peaks at ≈0.3 GeV and the corresponding flux is about
1 ions cm−2 s−1. The irradiation dose accumulates with exposure time in the outer space. Graphene’s resistance to highenergy radiation damage and whether it can heal itself within
such an environment remain to be understood.
Graphene flakes exfoliated from high-quality graphite are
nearly devoid of high-density defects. Typically, they demonstrate ultrahigh elastic modulus and strength that are close to
theoretical values.[3] Unlike exfoliated graphene flakes, however, large-area graphene grown by chemical vapor deposition
(CVD) is polycrystalline. It usually contains a large number of
localized and extended defects that degrade its physical properties.[10–14] The Young’s modulus and tensile strength of CVD
graphene were reported to be significantly weaker than exfoliated ones.[15,16] However, with careful post-growth processing
used to avoid damages and rippling, these values become very
close to exfoliated ones despite the existence of grain boundaries.[17] Theoretical studies predict that grain boundaries
formed by five to seven carbon rings enhance or degrade the
mechanical properties depending on the angle and geometry
of such boundaries,[18,19] but a high density of isolated point
defects tend to degrade these properties. On the other hand,
although vacancy defects are known to have significant influence on electronic properties of graphene,[20] their effects on
mechanical properties are not well investigated experimentally. High-energy (≈MeV) light particle radiation usually creates localized defects on demand and penetrates deep (>µm)
into the sample, providing a way to probe atomic-scale defects
in graphene. This is in sharp contrast to low-energy oxygen or
argon plasma techniques in generating defects in graphene for
mechanical studies,[21,22] which may not penetrate deep into
multilayer graphene.
In this work, we study the behavior of elastic modulus of
exfoliated monolayer, bilayer, and multilayer graphene flakes
as a function of localized defects produced by irradiation with
high-energy He2+ ions (α particles). The modulus is insensitive
to these defects until a threshold defect density, after which the
modulus decreases rapidly. Interestingly, above the threshold,
the rate of degradation in the elastic modulus is the highest for
monolayers; it becomes lower for multilayer graphene as the
number of layers goes up. Molecular dynamics simulations
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show that irradiation of multilayer graphene creates interlayer
linking that has the potential to passivate the defects inside
layers. The elastic modulus of multilayers shows enhanced
resistance to radiation damage as compared to monolayers. Our
findings reveal the importance of interlayer linking from the
mechanical perspective, thus shedding light on possibility of
engineering graphene properties with controlled defects.
Figure 1a shows a schematic of a graphene flake transferred on holey substrates and irradiated by 3 MeV He2+ ions.
Their 2D elastic modulus (E2D) is measured by indenting the
center of these circular, free-standing graphene membranes
with an atomic force microscope (AFM) tip (Figure 1b). Examples of exfoliated monolayer, bilayer, and pentalayer graphene
flakes on the holey substrate are shown in Figure 1c,d. The

number of layers of each flake was confirmed by its Raman
spectrum and the thickness measured by AFM. Raman spectroscopy is a fast, reliable, and non-destructive technique
to identify the number of graphene layers as well as their
defect density levels.[23–26] As shown in Figure 1e, the sharp
G peak at ≈1580 cm−1 associated with the doubly degenerate
zone-center E2g mode[23,25] slightly red-shifts as the number
of layers increases. Monolayer flake shows a single, sharp,
and intense 2D peak at 2680 cm−1, nearly two times stronger
than the G peak, corresponding to the second order of zoneboundary phonons.[23] For bilayer and pentalayer flakes,
however, the 2D peak is broadened, split, blue-shifted, and
significantly reduced in intensity. The D peak expected at
≈1350 cm−1, which is the defect-activated breathing mode of
six-atom rings, is not observed in these pristine flakes, proving the high quality of the
graphene free of detectable defects. These
Raman features are consistent with previous
reports.[23,25]
The AFM topography of a monolayer flake
covering tens of holes is shown in Figure 2a.
The enlarged image reveals that these freestanding membranes are taut over the holes,
and free of ripples or wrinkles (Figure 2b
and Figure S1, Supporting Information).
This rules out the effect of ripples that may
result in apparently softened modulus of graphene.[15] The indentation tip is pointed at the
center of the holes covered with graphene.
Three typical force–displacement curves for
monolayer, bilayer, and pentalayer graphene
membranes are shown in Figure 2c. Such a
force–displacement behavior can be described
by the following equation:[3,17]
⎛
q3 ⎞
F = (σ 2Dπ )δ + ⎜ E 2D 2 ⎟ δ 3
⎝
r ⎠

Figure 1. a,b) Schematic of the experiments. c) Optical images of an exfoliated graphene
monolayer flake, and d) bilayer and pentalayer flakes on holey substrates. Scale bars, 10 µm.
e) Raman spectra of the three pristine graphene flakes.
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(1)

where F is the applied point force, δ is the
indentation depth at the center of the membrane, r is the radius of the hole, σ2D is the
pretension of the membrane, E2D is the 2D
elastic modulus, and q is a constant related
to Poisson’s ratio (ν) of the membrane, following q = 1/(1.05 − 0.15ν − 0.16ν2). We take
ν = 0.165, such that q = 0.98.[27] As shown in
Figure 2b, Equation (1) fits very well with the
experimental curves of all three flakes, from
which σ2D and E2D can be derived.
Figure 2d shows that obtained values of
E2D are well described by the Gaussian distribution. The average E2D values of monolayer,
bilayer, and pentalayer are 355 ± 11, 697 ± 31,
and 1736 ± 62 N m−1, respectively. These
E2D values behave linearly as a function of
the number of layers (inset of Figure 2c),
implying that the interlayer van der Waals
interaction in graphene is sufficiently strong,
such that no interlayer shearing occurs
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Supporting Information). Figure 3c plots normalized E2D as a function of cumulative
irradiation dose ranging from 4 × 1012 to
1 × 1015 ions cm−2. Based on the behavior
of E2D, the range of dose can be divided into
three regimes: low doses (<1013 ions cm−2),
medium doses (1013 to 3 × 1014 ions cm−2),
and high doses (>3 × 1014 ions cm−2).
In the low-dose regime, E2D remains
nearly a constant, insensitive to the defects.
This insensitivity may be responsible for
the fact that the modulus and mechanical
properties of good-quality CVD graphene
are similar to those of exfoliated graphene.
It is worthy to note that within the lowdose regime, each graphene membrane has
experienced ≈10 times AFM contact mode
sweeping. Hence, the constant E2D in this
regime confirms that the AFM sweeping
with small forces indeed does not damage or
weaken the graphene.
When the dose is higher than
1013 ions cm−2, E2D starts to decrease, as
the high density of point defects weakens
the average atomic bonds in the graphene.
In contrast, the measured values of pretension fluctuate and do not show a clear trend
over the range of irradiation dose, revealing
that the irradiation does not loosen the
membrane that could result in the modulus
Figure 2. a) Tapping-mode AFM image of a monolayer flake on the holey substrate. Scale bar,
5 µm. b) Enlarged AFM image showing taut, free-standing membranes over holes. Scale bar, softening (Figure S5, Supporting Infor2 µm. c) Force–displacement curve of the three pristine graphene flakes. Lines are least-square mation). However, the E2D curves show
fitting following Equation (1). The inset shows the measured E2D as a function of the number of a clear dip at the dose of 3 × 1014 ions
layers. d) Statistical histogram of the measured E2D of the monolayer flake over various holes. cm−2. After that (in the high-dose regime)
Dashed line is a fit with the Gaussian distribution.
E2D begins to increase. We attribute the
abnormal increase in E2D at doses higher
than 3 × 1014 ions cm−2 to the effect of residual contaminaduring the AFM indentation measurements. This is very different from the behavior of layered MoS2.[28,29]
tion layer. Under such high doses, the contamination layer
tends to form a continuous film and becomes difficult to be
The defects introduced by the ion irradiation in graphene
thoroughly cleaned. After the AFM sweeping, the remaining
can be characterized by Raman spectroscopy.[24,26] As shown in
amount of contamination may be different for the samples
Figure 3a, the D peak at ≈1350 cm−1, originating from the interwith different number of layers (Figure S3, Supporting Inforvalley (K–K′) one-phonon double-resonance process, appears at
mation). Therefore, we do not perform quantitative analysis
the dose of 5 × 1013 ions cm−2. As the irradiation dose increases,
of the abnormal increase in E2D.
the number of defect sites increases. In this case, Bloch states
are mixed around the K (and K′) symmetry points, therefore,
It would be interesting to correlate the decrease in modulus
Raman selection rules are relaxed and the D peak is enhanced
to the density of irradiation-induced defects. Experimentally, the
(Figure 3b). Double resonance also occurs in the intravalley
ratio of the D and G peak intensities in Raman spectrum was
process, resulting in a D peak at 1620 cm−1 (Figure 3a), which
used to estimate the defect density in graphene.[24,26] Because
is very close to the strong G peak and typically unnoticeable in
the D peak results from the first-order scattering activated by
graphene with low densities of defects. However, both the G
disorder due to the finite crystallite size, this ratio is related to
and 2D peaks remain sharp and intense after irradiation, indian average, characteristic crystal size, LD, following the equacating that the sp2 bond character is still preserved in the gration L2D = CλL4 IG /ID , where C is a constant and λL is the laser
phene, and amorphization does not occur.[24,26]
wavelength. It has been correlated to the density of point-like
defects generated under low-energy irradiation at low doses.[26]
In order to reliably probe the effect of irradiation on the graphene modulus, the same group of membrane holes was used,
However, MeV irradiation may create defects with relatively
and the irradiation was carried out sequentially followed by measlarge sizes due to multiple-step collisions of high energy ions
urements at each accumulative doses. A thin contamination layer
and secondary atoms, making it difficult to estimate the defect
appeared after high-dose irradiation and was carefully removed
density directly from the Raman spectrum. On the other hand,
to avoid its effect on the measurements (see Figure S2–S4,
a simulation of the nanoindentation on vacancies-containing
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Figure 3. a) Raman spectra of monolayer graphene after various doses of ion irradiation. b) Intensity ratio of the D and G peaks (ID/IG) of the three
flakes as a function of irradiation dose. The difference of ID/IG for flakes with different number of layers may result from different scaling rules between
ID/IG and defect density, owing to different band structures. c) Normalized E2D of the three flakes as a function of irradiation dose. d) Simulated force
curves of indentation processes under different defect densities. The simulation is carried out on pretension-free membranes, and the modulus can
be derived by fitting the curves with the cubic term in Equation (1).

monolayer graphene shows that the load force drops with
increased vacancy density, reducing the modulus by ≈3% at
0.35% vacancy, and by ≈40% at 5% vacancy (Figure 3d). Compared to Figure 3c, this result suggests that the density of
defects in monolayer graphene created by 3 × 1014 ions cm−2
irradiation is on the order of 1%.
It is interesting to point out that in the medium-dose regime,
the elastic modulus of graphene with more layers degrades
less (Figure 3c). This is not a straightforward result, because to
the first-order approximation, the areal defect density per layer
should be the same regardless of the total number of layers in
the graphene flake. The projected range is ≈9 µm in graphitic
materials when 3 MeV He2+ is used. Therefore, to a good
approximation, an N-layer graphene is expected to be equivalent to N graphene monolayers independently stacked together,
and the measured E2D normalized by N should behave exactly
the same (as it does in pristine samples) as a function of irradiation dose, independent from N. The mechanical strengthening
by a possible residual contamination deposition can also be
excluded. In this range of medium doses, the carbon residues
are particles-like (Figure S2, Supporting Information) and easy
to remove. After the AFM sweeping, the carbon residues on the
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surface, if any, should have negligible effect on the measured
2D moduli.
Interlayer shearing may also reduce the effective modulus
of multilayer materials, as shown in bilayer 2D semiconductors.[28,29] Whether interlayer shearing occurs depends
on the type of layered material and the applied strain. In this
work, we indent graphene layers to a small depth (50–80 nm,
as shown in Figure 2c), corresponding to a small strain of only
≈1%. The measured E2D in this case depends linearly on the
number of graphene layers (Figure 2c), and the linearity holds
with increasing irradiation dose up to 1013 ions cm−2, after
which the measured modulus begins to drop. Therefore, the
interlayer shearing does not occur at the dose <1013 ions cm−2.
At irradiation doses >1013 ions cm−2, if there was an interlayer
shearing, it would reduce the effective 2D modulus of multilayer graphene, leading to a lower normalized modulus of multilayer graphene compared to monolayer graphene, which is
the opposite to our observation (Figure 3c). Therefore, we can
rule out the possibility that interlayer shearing plays an important role in the measurements.
The stronger robustness against irradiation in multilayers
than monolayers suggests a defect self-healing mechanism in
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Figure 4. A series of time-sequential images (a–f) clipped from the simulation, showing the He2+ irradiation and the formation of interlayer linking in
a five-layer graphene. The cyan sphere is the He2+ particle and light-brown spheres represent carbon atoms. The elapsed time after He2+ penetration
is about: 3 attosecond (as) (b), 9 as (c), 14 as (d), 138 as (e), and 1 femtosecond (fs) (f).

multilayers. It was reported that defective graphene can partially self-heal by thermal annealing in which the defect sites
trap mobile carbon atoms.[1] This healing process may also
happen in the multilayer graphene under ion irradiation,[30]
where carbon atoms bombarded out of one layer can be captured by defect sites on another layer or between layers. The
former may heal the defect sites, while the latter may form
interlayer links across defect sites. Both activities would in situ
heal the multilayer graphene during the radiation process. Graphene with more layers has a smaller surface-to-volume ratio,
thus it has a higher chance for this to occur, behaving more
robust against radiation damage.
High-energy He2+ irradiation was simulated by the molecular dynamics (MD) method in order to investigate these two
actions in the multilayer graphene. In the simulation, we have
observed the formation of mono vacancies, di-vacancies, and
larger vacancy clusters, as well as the formation of the Stone–
Wales defects, and defects that crosslink the layers. This range
of defects is possible because the kinetic energy of the He ions,
3 MeV, can break many C–C bonds in the graphene layer. A
typical formation process of defects generated by the irradiation
of a 3 MeV He2+ ion is shown in Figure 4. The He2+ ion flies
through the graphene layers very quickly, depositing a short
and intense force impulse to impinged carbon atoms. Several
carbon atoms are scattered out after the collision (Figure 4a,b),
creating different types of defects in the graphene layers. The
carbon atoms back-scattered from the surface layer escape the
graphene (Figure 4b). However, those carbon atoms moving
inward might interact with other carbon atoms in the layers
and can be eventually trapped between layers (Figure 4c,d). The
collisions caused by He2+ and scattered carbon atoms lead to a
pulse of wave in the graphene layers and a cascade of damages
(Figure 4e). This wave will eventually be damped and relaxed
via thermal fluctuation, forming interlayer links (Figure 4f). A
typical link includes an interlayer sp3 bonding as well as a distorted lattice, which emerges out of one layer but interacts with
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adjacent layers. The interlayer links that occur mostly around
the localized defects caused by irradiation would partially compensate the defects-induced weakening of the modulus, effectively passivating the defects inside the layer. Our simulation
also shows that there is a significant possibility of creating a
dramatically large area of vacancy defects under such highenergy irradiations, either for monolayer graphene or multilayers, which supports our discussion on the estimation of
defect density.
Some theoretical efforts reported decrease of elastic modulus of monolayer graphene with increase in the density of
defects.[31,32] Experimentally, Zandiatashbar et al. studied the
effect of oxygen plasma-induced defects, which include several
types of defects and even large voids, on the mechanical properties of monolayer graphene.[21] In this case, the elastic modulus
remains unchanged until a high density of vacancy defects.
López-Polín et al., however, reported a different result, where
the elastic modulus dramatically increases at initial, low density
of mono vacancies introduced by low-energy Ar+ irradiation.[22]
The initial increase was attributed to dependence of the elastic
coefficients on the momentum of flexural modes for 2D membranes within the framework of thermodynamic theory. This
effect, however, would be hidden by existence of various types
of defects and large-area vacancies that can significantly reduce
the elastic modulus in oxygen plasma etching. As our MD simulation shows formation of various types of defects and large
vacancy clusters, the effect of high-energy He2+ irradiation is
more like that of oxygen plasma, rather than that of low-energy
Ar+ irradiation. This may explain our observation of unchanged
elastic modulus at low doses of irradiation, consistent with that
of Zandiatashbar et al.[21]
There are likely implications of our work to structural
applications of graphene-like materials. The interlayer links
between graphene layers have the potential to improve
mechanical properties of graphene-like materials in a number
of ways. First, the interlayer links will prevent the sliding of
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layers relative to one another, and this might increase the
bending modulus of the layers. Second, the links between graphene layers will enable load distribution between the layers.[33]
This might serve to blunt or halt the propagation of cracks,
and thereby increase the toughness of multilayered materials.
Third, the interlayer links will serve to pin the thermal ripples
of individual layers. This pinning, then, might influence the
effective elastic moduli for the graphene layers.[22] All of these
effects leave interesting topics for future work both in experiments and calculations.
In summary, we investigated the thickness dependence of
the weakening of graphene modulus under high-energy He2+
particle irradiation. Our results suggest that monolayer graphene is more sensitive to the high-energy irradiation damage
compared to multilayer graphene. In multilayer graphene, the
scattered carbon atoms can be trapped between layers and tend
to form interlayer linking around the defects to partially restore
the degraded modulus. These findings reveal the importance
of interlayer linking from the mechanical perspective, thus
shed light for possibly engineering graphene properties with
controlled defects. Our results may be also applicable to other
layered materials, such as 2D transition metal dichalcogenides
and their heterostructures.

Experimental Section
Graphene Transfer and Nanoindentation: Graphene thin flakes
(monolayer, bilayer, and pentalayer) used in this study were exfoliated
on holey substrates from bulk graphite flakes (NGS Naturgraphit
GmbH). Each flake was larger than 10 µm in size and covered more
than 20 holes. The holey substrates were prepared by deep-UV
photolithography followed by a deep reactive ion etching of a SiO2/Si
wafer. The size of the circular holes was 1 µm in diameter and 0.3 µm
in depth. Graphene flakes on holey substrates were then irradiated by
3 MeV He2+ ions with a uniform spot size of ≈6 mm under a vacuum
with a pressure of ≈4 × 10−6 Torr. To measure elastic moduli of graphene
flakes, an AFM (Bruker Multimode) tip (µmash, HQ: NSC15, diamondlike carbon coated, tip diameter ≈20 nm) was used to indent the center
of the circular, free-standing graphene membranes. The spring constant
of the tip was calibrated by a reference cantilever. Six to nine holes
were selected for each type of graphene flakes, and three to four force–
displacement curves on each hole were measured by applying various
maximum forces (0.4–1.5 µN). In total, 18–30 values of σ2D and E2D for
each type of flakes were independently acquired.
Molecular Dynamic Simulation: The simulations employ LAMMPS.[34]
The graphene layers were modeled using the ARIEBO potential in
ref. [35] The He ion/graphene interaction was modeled using the ZBL
potential.[36] Periodic boundary conditions were employed in the plane
of the graphene sheet. The samples were first equilibrated at room
temperature using an NPT ensemble with zero pressure, which allowed
the expected thermal ripples to form. The high energy He2+ ion was then
introduced into the simulation and the timestep was set to very short
time ≈1.5 × 10−8 ps, and the simulation ran under NVE conditions for
10 000 timesteps. The timestep was then increased to ≈9.2 × 10−8 ps and
an additional 10 000 timesteps were run within an NPT ensemble. The
timestep was further increased to 5 × 10−5 ps, and the sample relaxed
under NPT conditions. Atoms scattered away from the graphene were
removed from the simulation. Since our intent was to study the effects
of a successful collision, we “aimed” the ion at a C atom in the graphene
sheet chosen at random. Our “aim” was chosen to be imperfect, and a
wide range of collision results ranging from no interaction to extreme
damage were obtained. Though we did not have information concerning
the relative frequencies of these differing events, the simulations did
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provide insight into the types of damage that could occur during the
He2+ scattering.
Simulation of Nanoindentation: The simulation was carried out on a
free-standing circular monolayer graphene membrane. The membrane
was initially set to be free of pretension and have randomly distributed
vacancies with different densities. After simulated equilibration at room
temperature, the atoms on the edge of the membrane were fixed, and the
indentation simulation was conducted. The diameter of the membrane
was 7.5 nm, and the diameter of the indenter was 2 nm. The errors
estimated in the applied force were obtained by averaging over either
16 or 32 independent simulations. An indentation depth of 0.7 nm
generated a similar strain of graphene membrane in this simulation as
the maximum value in the experimental indentation. The elastic modulus
was derived by fitting a force curve with the cubic term in Equation (1),
as the linear term was not considered here due to lack of pretension.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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