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ABSTRACT

Monolayer graphene subjected to 13 and 90 eV Ar ion irradiation was probed by in-situ Raman spectroscopy. At 90 eV ion irradiation, a simple damage accumulation
is seen. However, at 13 eV, immediately after damage formation, significant graphene self-healing is observed in real time. We argue that energy deposition through
very-low-energy ion collisions can create vacancies and carbon adatoms which can diffuse easily on the surface and recombine afterward. The self-healing kinetics
exhibit a fast (~10 s) and a slow regime (~30 min), which cannot result only from adatom-vacancy recombination. Based on a defect kinetic model, self-healing
efficiency is revealed to be limited by dimer formation. Yet, the interplay between Stone-Wales defects and adatoms enables progressive release of the latter, and

subsequent graphene self-healing on a longer time scale.

1. Introduction

Defect engineering of monolayer graphene is an essential strategy for
the implementation of this material in various applications [1-4].
Atomic scale defects can be generated in pristine graphene by
high-energy ion or electron beam irradiations [5-7]. Such experiments
demonstrated an energy threshold for defect generation at Ty = 18 —
22eV [7-9], in agreement with first-principle calculations [7,10] and
molecular dynamics (MD) simulations [11]. Nevertheless, while
high-energy ions (>90 eV) lead to sputtering of carbon atoms, and thus
to vacancies in the graphene lattice, defects can also be created by
very-low-energy ions (10-15 eV) irradiation [12-14]. Compared to
electron beam irradiation, ion-surface interactions are more complex
[10,14] and several experiments reveal that they can produce defects
below the traditional value of T; [12-14]. Here, potential energy
released from ion neutralization (for example, 15.76 eV for single
charged argon ions) at the point of impact combined with ion’s kinetic
energy could provide enough energy to generate the experimentally
observed vacancy-like defects. Another potential path for defect gener-
ation could involve impurities remaining in low-pressure vacuum
chambers. In all cases, a full understanding of the physics driving defect
generation by sub-threshold ions is still lacking. Since incident particle
kinetic energy is significantly lower than T4, carbon adatoms are ex-
pected to remain on the graphene surface and to easily migrate at room
temperature. Hence, they can encounter other 0D or 1D defects (such as
grain boundaries (GBs)), resulting in adatoms-vacancies recombination.

As a result, preferential self-healing at GBs has been recently observed
[15]. Defect healing in graphene domains was investigated both
experimentally and theoretically for some specific cases [16,17]. Such
studies have revealed that defect healing of graphene requires annealing
at high temperatures and the introduction of additional carbon sources
[18-23] such as PMMA residues or hydrocarbon impurities. Since gra-
phene characterization is typically performed at atmospheric pressure,
real-time monitoring of the formation, migration, and annihilation of
defects during irradiation or plasma processing has been difficult to
achieve so far.

In this work, we report evidence of defects self-healing in monolayer
graphene by adatoms from vacancies generated by very-low-energy ion
irradiation. An experimental setup dedicated to the study of plasma-
surface interactions [24] is used to assess the influence of such ions on
graphene in real time. Graphene is analyzed using in-plasma Raman
spectroscopy, during and after ion beam exposure. Careful examination
of the Raman spectra allows to track the increase of vacancy-like defect
(VLD) concentration during ion irradiation. While a simple damage
accumulation is seen for high-energy irradiation, an abrupt decrease is
observed immediately after damage formation through bombardment
by very-low-energy species, followed by a slower self-healing process.
As carbon adatoms generated by very-low-energy ion irradiation can
diffuse on the graphene surface, they can recombine with vacancies.
However, they may also react with other adatoms, resulting in the for-
mation of dimers. Furthermore, they can catalytically promote the
healing of Stone-Wales (SW) defects without being integrated into the
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graphene lattice [25,26]. This study demonstrates that real-time moni-
toring of 2D materials during and after very-low-energy ion exposure
can provide important information about their kinetics, that will benefit
applications, including any post-treatment methods involving ion and
plasma processes such as substitutional doping [27-29].

2. Material and methods

A detailed description of the experimental setup used herein is pro-
vided in Ref. [24]. Briefly, the setup is equipped with an inductively
coupled plasma source composed of a helical-shaped antenna. A power
of 50W is applied to generate an RF Ar plasma at a pressure of 5 mTorr
(Plasmionique Inc.). Two grids at its exit are used to generate the
low-energy ion beam: a DC voltage is applied to the first while the
second is grounded.

Monolayer graphene samples are grown on 25-pm copper substrates
by Chemical Vapor Deposition (CVD) [30]. Graphene is transferred to 1
cm? Si/SiO; by using a standard transfer procedure with poly(methyl-
methacrylate) (PMMA) [28].

Raman analyses are conducted at a 532 nm wavelength and 1 W
maximal power. Considering that the area probed by each optical beam
spot is 8 pm wide, the power density is estimated at 0.33 mW/um? over
each spot [24]. This is well below the threshold energy needed to
generate defects in graphene [30]. A Lorentzian function is used to fit
each Raman peak from monolayer graphene, such as the D (1325 cm_l),
G (1575 cm™1), D’ (1610 cm™Y), and 2D (2675 cm ™). Throughout this
manuscript, the notation I correspond to the peak height obtained after
fitting. Measurements are taken every 10 s, with an integration time of 4
s and avoiding laser irradiation of graphene with a shutter during the
next 6 s. Typical Raman spectra are presented in Supplementary Section
IL

3. Results

To mimic the conditions of low-energy ion bombardment on unbi-
ased surfaces exposed to low-pressure plasmas (ions are accelerated
through a low-voltage plasma sheath), the ion energy is set at 13 eV. The
graphene film is exposed to five successive cycles consisting of an ion
beam exposure lasting around 2 min followed by a 30-min interval
during which the pressure reaches 4 x 10~ Torr. In the meantime, an in-
plasma Raman system is used to simultaneously monitor 9 different spots
scattered over a 1.6 x 1.6 mm? area on the graphene surface. Experi-
ments resulted in a total of 45 Raman time series (9 spots x 5 cycles). As
presented in supplementary Section I, the influence of Raman mea-
surements on the studied phenomenon has been deemed negligible in
the low-defect concentration regime. For clarity, the evolution of only
one representative spot is shown in the rest of the paper, but all spots
were considered in the analysis. To gain insight into defect concentra-
tion evolution, intensity ratios of D-to-G peaks (Ip/Ig) and D-to-2D (Ip/
Iop) peaks are examined [15,31,32]. The time evolution of these ratios is
presented in Fig. 1. For every cycle, both ratios increase during ion beam
irradiation and decrease as soon as the ion beam is turned off. This sharp
drop occurs over the first 30 s in the post-processing period, then the
decrease rate slows down for both ratios. Values of Ip/Ig gradually in-
crease with cycle numbers from 0.1 to 3.5, indicating that graphene
remains in the low defect concentration domain [33]. From Fig. S3
(Supplementary Section III), values of D-to-D’ ratio (Ip/Ip-) remains
close to 7 for all subsequent plasma treatment, corresponding to VLD.
Hence, it appears that sub-threshold ion irradiation results in the pro-
duction of VLDs. Starting from the 3rd cycle, an initial burst and sub-
sequent decrease in Ip/Ig and Ip/I;p during the first moments of
processing can be observed. This can be linked to a sudden burst of
current measured at the sample holder when the shutter is open at the
beginning of experiments. This implies that a temporary increase in ion
flux is obtained, which can generate a high number of defects in the first
moments of exposure. As ion flux decreases gradually to reach steady
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Fig. 1. Time evolution of Ip/Ig (full markers) and Ip/Iop (empty markers)
during five subsequent cycle of ion beam exposure (yellow bands) and subse-
quent 30 min pause. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

state, all adatoms removed from the lattice can diffuse and heal a portion
of VLDs. This results in a decrease in the next 20 s before switching again
to a rise of peaks ratio. Overall, the results indicate that, after exposure
to low-energy ion irradiation, both Ip/Ig and Ip/Ip ratios exhibit two
different decay behaviors: i) a sharp decrease (observed immediately
after shutting off the ion beam), followed by ii) a much slower decrease.
The similarity of the trends for the two ratios reveals that defect con-
centration decreases naturally over time at room temperature following
low-energy ion irradiation. While both ratios, Ip/Ig and Ip/Isp, present
similar behaviors, the latter is unaffected by either the doping or stress
level of the graphene sheet [34,35]. Ip/Iop will henceforth be considered
as the main indicator of VLD concentration.

To assess the effect of ion energy on the self-healing process, gra-
phene samples were also exposed to 90 eV ions, as in Ref. [33]. Fig. 2
compares the Ip/Iop evolution profiles of graphene samples exposed to
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Fig. 2. Temporal evolution of the Ip/Iyp intensity ratio during and after
exposure to 13 eV (blue curve) and 90 eV (red curve) ion beams. The time scales
have been shifted so that the end times of ion irradiation in both cases coincide.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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13 and 90 eV ion beams. During irradiation by 13 eV ions, the Ip/Iop
ratio presents the same initial increase and decrease phenomenon
observed on Fig. 1 before it rises to a maximum of 2.2 after 120 s. Once
irradiation is stopped, the ratio quickly drops to 1.5 in the first 60 s and
then slowly reaches 1.08 after 30 min. When the ion energy is set to 90
eV, defect generation occurs as expected much faster, and an Ip/Iop ratio
of 2.2 is reached within 30 s only. In the post-irradiation period, the ratio
remains fairly constant. This indicates that while the graphene defects
induced by low-energy ion exposure (13 eV) can self-heal in the
post-irradiation period, those induced by higher-energy ion exposure
cannot.

When the energy of the incoming ions is high, carbon atoms are
sputtered away from the graphene sheet [5], which suppresses any
possible self-healing. Therefore, the results obtained herein reveal that
self-healing is mediated by the carbon adatoms produced during
low-energy ion irradiation. As soon as the irradiation stops, the adatoms
partly recombine with VLD created during processing, thereby rees-
tablishing the graphene structure. Furthermore, the shape of the
decreasing profiles varies depending on the number of ion-exposure
cycles (Fig. 1). As shown in Fig. S4 (Supplementary Section IV), the
decrease cannot solely result from a second-order reaction such as
adatoms-vacancy recombination. Hence, several mechanisms must in-
fluence graphene self-healing, which probably depends on the concen-
tration of graphene defects.

a) @ Vacancy and adatom generation b)

1.2) SW defect generation

2.1

2.1) Vacancy-adatoms recombination c)
@ Dimer formation
2.3/ Adatom trapping at SW defect
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4. Discussions
4.1. Self-healing mechanisms

A mechanism of graphene defect formation and self-healing is pro-
posed in Fig. 3. From now on, VLDs are assumed to be monovacancy.
The different steps presented in Fig. 3a, b, and 3c are related to Fig. 3d
which present vacancy concentration as a function of time. The latter
can be obtained through its linear relationship with Ip/Ipp [33]. First,
carbon adatoms are generated from the graphene sheet upon exposure to
low-energy ion irradiation (Fig. 3a), thereby creating vacancies (#1.1).
The generated adatoms can diffuse on the graphene surface and will be
essential afterward for graphene self-healing. On the other hand, SW
defects may also be induced by ion beam exposure (#1.2) and/or formed
upon imperfect vacancy-adatom recombination [36]. These defects
involve in-plane bond rotations with no loss of carbon atoms and are
constituted of two pentagons and two heptagons instead of the classical
hexagons [7]. Due to their relatively low formation energy (10 eV), even
low-energy ions are expected to generate a non-negligible amount of
such defects at room temperature. Furthermore, since the activation
energy for recovery is high (5.5 eV), the healing of such defects at room
temperature is unlikely.

Once the ion beam is turned off, no more defects can be formed
(Fig. 3b), and the adatoms diffusing on the surface can eventually
recombine with vacancies (#2.1), resulting in the fast defect concen-
tration decrease observed in Fig. 3d. Adatoms can also very easily
combine with other adatoms to form dimers (#2.2), which are stable at
room temperature. As detailed in the next section, the dimerization of
adatoms is the main obstacle impeding complete graphene recovery.

Catalytical healing of SW defect
and adatom release
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Fig. 3. Illustration of the dynamic processes occurring on the graphene surface during a) ion bombardment, b) immediately after shutting off the ion beam, and c)

later in the post-irradiation period. d) Plot shows defect density as a function of time corresponding to each step.
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Fig. 3c focuses on graphene evolution later in the post-irradiation
period (>400 s). As presented in Fig. 3d, the rate of decrease in Ip/Isp
slows down but remains significant. Vacancy healing at this timescale
indicates that some adatom recombination with defects is delayed.
Catalytic healing of SW defects by carbon adatoms is expected to take
place (#3.1) and act as a temporary trap for adatoms. Indeed, the acti-
vation energy for SW healing at room temperature greatly decreases
from 5.5 eV to 0.86 eV once a carbon adatom reaches the center of the
defect [25,26]. Still, since the activation energy remains high, adatoms
are trapped at SW defects for a significant amount of time (#2.3).
Interestingly, an adatom is re-emitted after catalytic healing and can
diffuse again freely over the graphene surface until it encounters a va-
cancy, another carbon adatom, or another SW defect. Considering that
the sensitivity of the Raman spectroscopy technique to SW defects is low
[37], it is not possible to link the decrease in Ip/I5p ratio to SW healing.
However, it can indirectly be related to SW healing by the re-emission of
adatoms, which then recombine with vacancies.

4.2. Kinetic model

To confirm the applicability of the proposed mechanism, a kinetic
model for the time evolution of defect concentration after low-energy
ion irradiation is proposed. It consists of a system of differential equa-
tions describing the interrelated time evolution of the concentration C of
six species presented below. A distinction is made between free adatoms
able to diffuse on the graphene surface (C,) from adatoms trapped in the
vicinity of SW defects (Trap #1 — Crp) at rate kr;, depending on the
concentration of SW defects (Cj,). An adatom in Trap #1 can then either
escape away from SW defects back to pristine graphene at a rate K or
get further trapped at the center of the SW defects (Trap #2 — Cr2) at rate
Kr2.The latter can then initiate SW defects catalytic healing at a rate K-
Free adatoms can also form dimers (Cy) at rate kg, or recombine with
vacancies (C,) at rate k.

On one hand, second-order reactions (rate k,) directly influenced by
adatoms diffusion on graphene’s surface are considered as well as first-
order reactions (rate K,). Such reactions as SW defects healing by ada-
toms in trap#2 (Crz) are not influenced directly by adatoms diffusion.
Second-order rates are determined as follows:

ky =D exp(—E, / kgT), (€8]

where E, is the activation energy for the reaction, kg is the Boltzmann
constant, T is the graphene temperature, assumed to be 300 K, and D is
the adatom diffusion coefficient given by:

1
D:Z(d)zwph exp (—E, / kgT), @

where w,, = 4.8 x 10'3 Hz is the graphene maximal phonon frequency,

d =1.6 A is the adatoms jump length, and E, the activation energy for
carbon adatom diffusion on graphene. E, values are allowed to vary to
better fit experimental data between 0.4 eV and 0.5 eV as this range is
commonly found in the literature. The use of a lower value down to 0.3
eV determined recently [38] does not enable to fit experimental data,
unless the prefactor of Eq. (2) is an order of magnitude smaller. On the
other hand, first-order reaction rates can be determined as:

Ky = wpn exp(—Ey / kgT). 3

Table 1

Activation energy used in the kinetic model for adatom vacancy recombination
ky, initial adatom trapping at SW defects kr;, adatom escape from initial trap-
ping K., dimer formation kg, adatom trapping at the center of SW defects Ko
and catalytically healing of SW defects K.

ky kn Kese kai Kz Keat

Ex (eV) 0.24 [39,40] 0.23 [22] 0.71 [22] 0.25 [41] 0.6 0.97
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Activation energy values used in the model are summarized in
Table 1.

Note that, to correctly model the C, decrease over time, Es and Eq
values are different from those given by Wang et al. of 0.98 eV and 0.86
eV, respectively [25]. Indeed, a high activation energy for K15 would
lead to a very low rate of adatoms trapping at SW defects and thus have a
weak influence on graphene self-healing. As for the SW defect healing
rate K4, it directly influences the slower decrease of C, at larger time-
scales. Even though the obtained value of E. is higher than the one
reported previously (0.8-0.86 eV [25,26]), it is close enough consid-
ering the model simplicity. To the best of our knowledge, no values of Ey4;
has been reported for carbon adatoms on graphene; a value of Ey; =
0.25eV obtained for carbon dimer formation on copper is used [41].

Attime t = 0, a population of free adatoms (C,) able to diffuse on the
graphene surface can recombine with vacancies (C,), at rate k,, form
dimers at rate kg;, or be trapped in Trap #1 in the vicinity of SW defects
(Csw) at rate k1. So C, evolve at a rate:

dc,
dta = - kvca Cv - le CaCxw + KescCTl - 2kdica2 + KcatCTZ (1)

where the second term on the right-hand side represents the adatom
escaping from the concentration already trapped in Trap #1, Cr;. This
concentration evolves as:

dc
dt“ =k11CoCow — KeseCr1 — K12Cr1 2

where the first two terms on the right-hand side were found, with
opposed sign, in Eq. (1), and the last term represents the number of
adatoms going from Trap #1, in the vicinity of the SW defects, to Trap
#2 at the center of the SW defects. The concentration of adatoms trap-
ped there, Cro, evolves as

dCry
dt

=K72Cr1 — KeatCr2 3

where the first member on the right hand is in Eq. (2) with an opposite
sign, and the last term represents the catalytic healing of the SW defect
by the adatoms trapped in Trap #2. As a result, the population of SW
defects therefore evolves as

dCy,
dt = 7KcatCT2~ (4)

Finally, from the first and last terms of the right-hand side of Eq. (1),
we get correspondingly that the dimer population should evolve as

dCy

P kaiCa® )

and that of the vacancies as

dc,
il e (6)

This last equation gives us the evolution of the vacancy concentra-
tion. It can be directly compared to the experimental vacancy concen-
tration using the proportional relationship between the latter and the Ip/
Iop Raman signal ratio extracted from Ref. [33]. Fig. 4 presents the time
evolution of vacancies, free carbon adatoms, trapped carbon adatoms,
SW defects, and carbon dimers concentration obtained from the kinetic
model, in addition to the experimental data for vacancy concentration
after the 1° ion beam irradiation.

The initial values of experimental and simulated defect densities
(C,o) were both set equal at 5.7 x 101° m~2, while Cgo and Cyyo Were set
at3.7 x 101°m2and 2.5 x 101°m2, respectively, to obtain the best fit.
We note that the initial value of C, is ~10* times smaller than the typical
ion fluence received by a surface exposed to a low-pressure Ar plasma
(~10"% ions.m 2.5 [1 2]), i.e. the generation of VLDs by 13 eV Ar ions
is a rare event. Within 70 s, the experimental defect density decreases
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Fig. 4. Temporal evolution of simulated vacancy C, (black), free adatom Ca
(blue), adatom in trap#2 CT2 (orange), SW defect Cg, (purple), and dimers Cy
(cyan) densities, as well as the experimental vacancy density (red). Note that
adatom density in trap#1 is too low to be presented here but can be seen in a
logarithmic plot in Supplementary Section V. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

sharply to 3.9 x 10'® m~2, and similar behavior is observed for C, in the
kinetic model. The agreement between the experimental and modeled
defect evolution is maintained in the slow decrease period, and the
densities fall to 2.8 x 10'® m~2 after 30 min. Interestingly, in the model,
C, abruptly decreases to 1.2 x 10*®> m~2 within 40 s, then it decreases
slowly to reach 1.4 x 10'3 m~2 at the end of the analysis (30 min). The
fast decrease is mainly due to direct vacancy healing, as well as dimer
formation, when the adatom density is high. Indeed, in the model, the
dimer concentration increases sharply to 3.8 x 10 m~2 within 60 s,
then it increases gradually to 4.1 x 10'* m™2 after 30 min. As for the
concentration of trapped adatoms in SW defects (Trap#2), it increases
quickly to reach a maximum of 1 x 10'® m™2 after only 2 min, then it
decreases t0 6.9 x 10'% m~2 after 30 min. The decrease is related to the
catalytic healing of SW defects as Cy, decreases throughout the experi-
ment, reaching 6.5 x 10'* m~2 at the end.

Overall, the simulation results show that the kinetic model proposed
herein can reproduce very well the experimentally observed decrease in
defect density. The close agreement between our kinetic model fits and
the experimental data lends credence to the mono-vacancy assumption
Moreover, free adatoms are rapidly consumed in vacancy healing, as
well as in dimerization reaction and SW defect trapping. The adatom
released from the catalytic SW defect healing process may then partic-
ipate in vacancy healing, among other processes. However, since the
activation energy of adatom diffusion is low (0.4-0.5 eV), the recovery
of vacancies is fast, albeit incomplete. This is mostly attributed to
dimerization, as predicted by MD simulations [20]. To confirm the
validity of the kinetic model, it is used to simulate defect concentration
obtained from the time evolution of Ip/Ipp at the remaining eight
experimentally probed locations on the graphene surface, for all five
treatments. It was possible to correctly fit all 45 curves (with R? > 0.95)
by keeping the parameters presented in Table 1 constant. Supplemen-
tary Section VI presents the evolution of the three fitting parameters:
Ca0, Cswo, and E,. Interestingly, for a given irradiation treatment, the
fitting parameters for each Raman point are similar. For all five cycles,
fitting parameters remains around 0.7 x C,g for Cgo, 0.3 x Cy for Ceyo,
while E, gradually increases from 0.4 to 0.5 eV.

Carbon 233 (2025) 119852

5. Conclusion

This study investigates the effect of low-energy (13 and 90 eV) ion-
irradiation on defect formation and self-healing in monolayer gra-
phene films. Experimental analyses are conducted during and immedi-
ately after ion bombardment using in-plasma Raman spectroscopy. The
results demonstrate that the defect concentration determined using the
Ip/Iop intensity ratio increases during irradiation with 13 eV argon ions,
and it decreases significantly over a few minutes once the ion beam is
shut off. However, almost no decrease is observed when graphene is
exposed to 90 eV argon ions; this demonstrates that carbon adatoms play
a crucial role in graphene healing at room temperature. Indeed, the
proposed kinetic model confirms that at room temperature, the defect
concentration drops suddenly after the end of the irradiation due to the
fast diffusion and recombination of adatoms with vacancies. However,
adatoms may combine with other adatoms, resulting in the formation of
dimers, which restricts the complete self-healing of graphene. In addi-
tion, adatoms may be trapped in SW defects. This process does not
significantly impede graphene healing, since the adatoms are released
after participating in catalytic SW defect healing; however, it explains
the slow vacancies’ healing rate observed at longer times, due to the
relatively high activation energy of the process. Indeed, as adatoms are
released, they may recombine with vacancies but also be trapped in
other SW defects, or form dimers.

Those results show how crucial post-treatment surface phenomena
are in monolayer graphene processing by techniques involving sub-
threshold energy ions such as plasma treatment. This calls for a broad-
ened use of in-plasma characterization techniques to ensure the full
understanding of phenomena ongoing during or immediately after ma-
terial modification. This is specifically important for defect engineering
of monolayer graphene, and potentially, other 2D materials.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.carbon.2024.119852.
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