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Abstract.

Ultralow energy (ULE) ion implantation is being increasingly applied to the

modification of 2D materials, in particular, for substitutional doping and intercalation

of graphene. Implantation-induced defects, whether desired or not, have a strong

impact on the properties of graphene. Significant research has been devoted to vacancy-

related defects however, disorder induced by ion irradiation in the ULE limit, that is,

for energies below the vacancy-formation threshold, remains poorly understood. Here,

we focus on that regime and report the formation of defects resulting from the breaking

of C-C sp2 bonds and formation of C-substrate bonds. As a model system we used

epitaxial graphene grown on Cu(111) and on Pt(111), subsequently implanted with

He, Ne and Ar at energies between 15 eV and 40 eV. The bond defect density is

found to increase with increasing energy and atomic number of the implanted element.

These findings significantly advance our understanding of disorder induced in graphene

by ULE ion implantation, while simultaneously revealing the potential for exploiting

such bond defects for physical or chemical functionalization. In particular, these bond

defects can be generated with a high degree of selectivity since they occur in the low-

energy limit (at least down to 15 eV), significantly below the energies required to form

stable vacancies.
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1. Introduction

Ultralow energy (ULE) ion implantation, in which the ions have kinetic energies in

the range of tens of eV, is increasingly being explored as a method to functionalize

graphene. It has been successfully used to substitutionally dope graphene with N and

B [1, 2, 3, 4, 5], P [6], Ge [7], Mn [8, 9] and Au [10]. Recently, ULE ion implantation

has also been used to create nanobubbles in graphene down to dimensions of 1 nm

radius, in which the highly strained graphene layer holds the implanted (intercalated)

noble-gas atoms at extremely high pressures [11]. In addition to the incorporation of

the implanted ions in substitutional sites or as intercalated species, ion implantation

creates other defects, originating from the collisions between the incoming ion and

the atoms in the target material. While disorder may be a detrimental effect when

the goal is substitutional doping or intercalation, defects in graphene have useful

functional properties of their own [12], by changing the chemical [13] and mechanical [14]

properties, or the magnetic behavior [15]. Engineered defects in graphene may also find

applications in the fields of hydrogen storage [16, 17], catalysis [18], and capture of

organic pollutants [19, 20]. The density of active sites in graphene can be significantly

increased not only due to the defects themselves [13, 18, 19] but also due to corrugations

and wrinkles that they induce [21, 22, 23]. Here, we report the identification of a type of

defect created by ULE ion implantation which has so far not been described, involving

broken C-C bonds. Given the flexibility and high degree of control provided by ULE

ion implantation [8, 11], these bond defects may in the future be explored as a means

to functionalize graphene.

Ion irradiation of graphene can be divided in categories based on the energy regime

(from tens of eV, i.e., ultralow energy regime, up to keV) and the type of defects that

are formed. For energies of the order of hundreds of eV, a single incoming ion can only

displace a few C atoms at most, with larger defects being negligible [24]. Consequently,

three types of point defects are typically considered: monovacancy (removal of one

C atom), divacancy (removal of two neighboring C atoms) and Stone-Wales (90◦ in-

plane rotation of the bond) [25]. Previous research on ion-irradiated graphene has

focused on the 100-1000 eV regime, for example for the formation of nanobubbles in

graphene [26, 27, 28]. For energies of the order of keV, besides the three types of

point defects that were mentioned above, larger defect complexes (e.g., trivacancies and

larger) are predicted to form, as a result of recoil of the carbon atoms [25]. Interestingly,

also 1D-like defect complexes were observed in graphene irradiated with 1 keV Ar+

ions, resulting from interface channeling of the Ar+ ions, that is, one ion is able to

bounce between the graphene layer and the substrate and form 1D arrangements of

vacancies [29]. As the energy is decreased from 100 eV, one eventually enters a regime

where only single vacancies can be formed [24]. Decreasing further, as the beam energy

becomes of the order or lower than the threshold displacement energy (Et ≈ 22 eV in

graphene [30, 31]), the energy that is transferred to the C atom becomes lower than

the minimum required to create a stable C vacancy, and thus no vacancies are expected
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to form. Although C atoms can be instantaneously displaced, they do not acquire

sufficient energy to escape the vacancy that is left behind, and thus recombine with it.

Interestingly however, previous work on low-energy ion irradiation of graphene suggests

that disorder may in fact accumulate even for ion energies significantly lower than those

required to form stable vacancies [32, 11]. This is the case even considering the recent

density functional theory molecular dynamics (DFT-MD) corrections to the estimation

of the minimum ion kinetic energy [33]. In reference [11], ULE ion implantation was

used to create He, Ne and Ar nanobubbles in graphene; despite the low energy (25 eV),

below the energy required for vacancy formation, clear accumulation of disorder was

observed, revealed by the D band in the Raman spectra. In reference [32], graphene was

irradiated using a Ar+ sputter gun operating at nominal energies of 1 eV up to 200 eV

(with an angle of 45◦ between the ion beam and the sample surface). Interestingly,

even at the lowest energies, disorder was still observed. In both cases, the nature of

the accumulated disorder remains unclear. Here, we focus specifically on this regime,

below the threshold displacement energy. We identify a type of defect that is formed

as a result of the collision between an impinging ion and the C atoms in the graphene

layer, that is, the breaking of C-C bonds and formation of bonds between graphene and

the substrate onto which it is supported. We use noble gas elements (He, Ne and Ar) as

model implanted species; their inert nature allows us to study the bond defects without

interference from more reactive elements (such as Mn).

2. Experimental and computational details

Our samples consist of epitaxial graphene grown by chemical vapor deposition (CVD)

on epitaxial Pt(111) and Cu(111) thin films grown on sapphire(0001) substrates [34, 35].

The samples were implanted with noble gas ions (He, Ne and Ar), with kinetic energies

between 15 eV and 40 eV, with perpendicular incidence with respect to the surface. The

samples were subsequently studied in the as-implanted state, using scanning tunneling

microscopy (STM), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).

These experiments were combined with MD simulations. Additional details on these

experimental and computational methods are given in the remainder of this section.

In order to minimize sample degradation (water intercalation [36, 37] and substrate

oxidation [38]), the exposure to ambient was kept to a minimum, by storing the samples

in a vacuum desiccator (base pressure ≈ 10−2 mbar). For transportation between

different laboratories (between growth, implantation and multiple characterization

steps), the samples were sealed in plastic bags at low vacuum (800 mbar), which

significantly slows down the process of substrate oxidation during the transportation

times (of the order of one day). The samples were only exposed to the atmosphere

when they were being manipulated (mounted/dismounted) between different setups,

with a typical exposure time of the order of a few minutes per manipulation. This

ensures a clean graphene surface (i.e., with a minimal amount of surface adsorbates)

before the implantation (cf. STM topographies of pristine after short time air exposure:
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Gr/Pt(111) in figure 4a,d and Gr/Cu(111) in figure S4a).

2.1. CVD growth of graphene

Two inch polished Czochralski grown sapphire wafers cut along the c-plane with <0.1◦

miscut were used to prepare Al2O3 template wafers. The as-received wafers were first

cleaned in a 3:1 volume ratio of the acid mixture of H2O4:H3PO4 at 180 ◦C for 20 min,

followed by an ultrapure water rinse for 3 min. Immediately after the cleaning process Pt

and Cu films were grown. For Pt, a 500 nm thick film was evaporated on the sapphire

wafer by electron-beam deposition (Pfeiffer PLS 580) while keeping the temperature

of the wafer at approximately 550 ◦C on a heated chuck. The base pressure was

4 × 10−7 mbar. The deposition rate was controlled at 1 Å s−1 by a quartz crystal

rate monitor. For Cu films, the cleaned sapphire wafers were placed in a Nimbus 310

sputtering setup with a base pressure of 4 × 10−6 mbar. Substrates were placed by

using a 200 mm Si pocket wafer, and sputtering was performed at room temperature

for 173 s (21 passes under target) at 6×10−3 mbar Ar pressure. The Cu deposition rate

was calibrated and corresponds to a rate of about 29 Å s−1. The applied power was

3000 W, and the throw distance was ∼50 mm. The growth of CVD graphene on the

Pt films was performed in a cold wall CVD reactor (Aixtron Black Magic 6 inch) at a

pressure of 750 mbar, a temperature of 1100 ◦C, and with a gas mixture of 9 sccm CH4

and 800 sccm H2. Before and after the 40 min growth period, the reactor was ramping

up and cooling down in a H2 environment. The graphene growth process on the Cu

films has been optimized by taking into account oriented monolayer growth and the low

Raman D peak. The growth conditions were 5000 sccm Ar, 125 sccm H2, 0.3 sccm CH4

at a pressure of 750 mbar close to the melting point of Cu. The growth time was 30 min,

while ramp-up and ramp-down were performed in a mixture of Ar and H2.

2.2. Ultralow energy ion implantation

Ultralow energy (ULE) ion implantation was performed at room temperature by

electrostatic deceleration of the ion beam (4He+, 22Ne+, 40Ar+) from 30 keV to 25 eV,

to a fluence of 1 × 1015 ions per cm2 (fluence rate of the order of 2 × 1012 cm−2s−1)

measured by integration of the electric current on sample during implantation [39]. The

implantation chamber is kept under ultra-high vacuum (UHV, with a base pressure

∼ 5× 10−9 mbar), in order to minimize energy-loss contributions to the energy spread

of the ions and to minimize surface contamination (e.g., with hydrocarbons) during the

implantation.

2.3. Scanning tunneling microscopy

We acquired the STM micrographs in UHV (base pressure ∼ 10−11 mbar) using

a Unisoku USM1000, an Omicron LT STM and a Unisoku USM1500. We used

electrochemically etched W tips and cut Pt-Ir tips. The tip oxide from the W tips is first
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removed by flash annealing. Consequently, the tips were characterized by scanning the

Au(111) surface. All topographies were acquired in constant tunneling current (Itun.).

2.4. Raman spectroscopy

Raman spectra were measured by a confocal Raman microscope (Monovista CRS+, S&I

GmbH) equipped with a 532 nm Nd:YAG laser. The laser was directed onto the sample

surface through an objective (OLYMPUS, BX43 50×, numerical aperture 0.75), with

the maximum laser power remaining below 1 mW to avoid laser-induced modification.

All the measurements were obtained in ambient conditions at room temperature.

2.5. X-ray photoelectron spectroscopy

The XPS measurements on graphene/Pt(111) (Gr/Pt) were performed at the

SuperESCA beamline at Elettra synchrotron in Trieste. All the spectra were acquired in

UHV (base pressure ∼ 10−10 mbar), and the samples were placed in the normal emission

(NE) configuration, with respect to the hemispherical analyzer. The photon energies

were chosen by optimizing the photoelectric cross section and the surface sensitivity,

where the C 1s, O 1s, and Pt 4f core-level spectra were acquired at photon energies of

400, 650, and 200 eV, respectively, with energy resolution always below 150 meV. The

binding energy scale has been calibrated with the Fermi level of the metal substrate. The

high-resolution core-level spectra were fitted with Gaussian-Lorentzian sum functions

(to approximate a Voigt profile) and a linear background.

The XPS measurements on graphene/Cu(111) (Gr/Cu) were performed using a

laboratory setup equipped with a Mg Kα X-ray (XR4 Twin Anode X-ray source,

non-monochromatic) and an Alpha 110 hemispherical analyzer. The spectra were

acquired with an energy step of 0.2 eV and energy resolution of ∼ 1 eV, in UHV (base

pressure ∼ 10−8 mbar), at room temperature, with a beam spot of ∼ 5 mm in diameter

(sampling area).

2.6. Molecular dynamics simulations

The dynamics of the ultralow energy irradiation of Gr/Pt(111) with He/Ne/Ar was

modeled employing classical molecular dynamics with the PARCAS code. The (111)-

surface was cut into a Pt bulk of 9×7 nm yielding a slab thickness of about 2 nm totalling

9180 atoms. A commensurate Gr sheet with 2552 atoms was set above the surface and

relaxed in a canonical ensemble to a local energy minimum at 0 K returning the distance

of about 0.38 nm above the Pt(111) surface. The interatomic interactions between Pt-

Pt and Pt-C were modeled with the Albe potential [40] and the C-C interactions with

bond-order potential by Brenner [41] smoothly joined to a repulsive term at small atomic

separations [42]. The ion-C interactions were modeled with the universal repulsive

potential [42]. Each ion was placed at a distance of about 1 nm above the pristine Gr

sheet with an impact point randomly sampled from an irreducible area of the hexagonal
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lattice. A total of 1000 impacts per ion/energy was simulated to allow representative

probabilities for various types of events to occur. The minimum detection limit was

therefore 0.1 %. Due to the ultralow energies the energy transfer was fully nuclear

and the charge state of the ion was not considered. Each impact was simulated for

400 fs allowing the system to reach a local energy minimum after the impact before

analysing the system. Periodic boundary conditions were introduced in the directions

perpendicular to the ion to mimic infinite surface with heat dissipation at the edges

modeled with the Berendsen thermostat [43].

3. Results and Discussion

In this section, we focus first on the Gr/Pt system, presenting and discussing the Raman,

STM and XPS data, as well as the MD simulation results. In this first part (section 3.1),

we are only able to qualitatively discuss the Raman spectroscopy results, due to the low

signal-to-background ratio characteristic of Gr/Pt. The Raman bands, particularly

the G and 2D bands, are known to be weaker for graphene on a substrate compared

to suspended graphene, especially for metallic substrates [44], due to electromagnetic

screening and hybridization effects. Compared to suspended graphene, the intensity of

the G and 2D bands in Gr/Cu is suppressed to approximately 14% and 7%, respectively;

in Gr/Pt the suppression is significantly stronger, to 2% and 0.06% respectively. Due to

the low signal-to-background ratio, the analysis (fitting) of the Gr/Pt data is highly

sensitive to how the background is modeled, making it difficult to extract reliable

quantitative information. For a quantitative Raman spectroscopy study, we used Gr/Cu,

presented in section 3.2.

3.1. Bond defects in implanted graphene/Pt

Three Raman bands are typically used for the characterization of disorder in graphene:

D, G and 2D bands. The G and 2D bands are characteristic of a well-ordered graphene

lattice; the D band is associated with disorder. Figure 1 shows Raman spectra for

Gr/Pt, pristine and implanted with the three noble gas elements, at 15 eV and 25 eV.

While the pristine sample and the samples implanted with He show only the G and

2D bands typical of Gr/Pt, without a D band, the samples implanted with Ne and Ar

show the emergence of a D band, which increases in intensity or area with increasing

energy and atomic number of the implanted element. As mentioned above, reliable

quantitative analysis is hampered by the low signal-to-background ratio characteristic

of Gr/Pt. Instead, we performed a more quantitative Raman spectroscopy study on

Gr/Cu, which we present in section 3.2. In the present section, we first study the Gr/Pt

system in more detail.

It can be seen in the Raman data on Gr/Pt that the emergence of a D band is

accompanied by a broadening of the G band and a weakening of the 2D band, both of

which are indicative of increasing disorder (as also discussed in more detail based on the
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Figure 1. Raman spectra of Gr/Pt, pristine and implanted with noble gases: (a) He,

(b) Ne, (c) Ar, at 15 eV and 25 eV. The intensity is normalized to the intensity of

the oxygen related band at 1550 cm−1. The positions of the D, G, and 2D bands of

graphene are indicated, as well as the atmospheric O2 band.

Gr/Cu data). The creation of disorder at such low ion energies (down to 15 eV) is rather

unexpected. The defects that are typically considered in the context of ion irradiation

of graphene are of the vacancy-type, that is, when an impinging ion transfers enough

energy to the C atom in the graphene lattice so that the C atom is displaced, leaving

behind a stable C vacancy. By simple kinematics (conservation of kinetic energy and

momentum) [45], we can estimate the minimum energy Emin that the ion beam must

have in order to produce a stable vacancy, based on the C threshold displacement energy

(Et, i.e., minimum energy that must be transferred to the C atom to create a stable

C vacancy) and the maximum energy transferred by an impinging ion (in a head-on

collision), using the following equation:

Emin = Et
(Mion +MC)

2

4MionMC

, (1)

where Mion and MC are the atomic masses of the impinging ion and of C,

respectively. Taking the typical value of Et ≈ 22 eV [31] for graphene gives Emin

values of 29 eV, 23 eV and 31 eV for He, Ne and Ar, respectively. Since we observe

significant disorder for Ne and Ar at much lower energies (down to 15 eV), this suggests

that a different type of defect (not vacancies) is involved.

In order to gain insight on the nature of this unexpected low-energy disorder, we

performed MD simulations of He, Ne and Ar ions implanted into graphene on a Pt(111)

surface. Figure 2 shows examples of defects that are indeed formed without the effective

removal of C atoms (vacancy formation). The impinging atom induces a significant

displacement of one or more C atoms, towards the Pt surface, resulting in the breaking

of C-C sp2 bonds and formation of bonds between the displaced C atoms at Pt atoms

at the interface. Although these displaced C atoms are no longer within the graphene
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(a) 

Figure 2. Snapshots of MD simulations after ion impact depicting the bond defects

formed when the C-C sp2 bonds (grey) are broken and the displaced C atoms (black)

form new bonds with the Pt surface (orange). Examples with side and top view of (a)

one bond defect (b) two bond defects (c) four bond defects and (d) five bond defects

after a single impact. The Pt surface is transparent in the top view for visibility.
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Figure 3. Raman spectra of Gr/Pt, implanted with Ne at 15 eV, 25 eV, 30 eV

and 40 eV. The intensity is normalized to the intensity of the oxygen related band at

1550 cm−1. The positions of the D, G, and 2D bands of graphene are indicated, as

well as of the atmospheric O2 band.

plane, they are still bound to C atoms from the graphene layer. Therefore, they are not

classified as vacancies, but instead as bond defects. We can further classify them by how

many C-Pt bonds are created by one single impinging atom, from 1 to 6 (i.e., a full C

hexagon). These results are compiled in figure 2: the average number of C-Pt bonds

formed per impinging atom; the probability of an impinging atom forming any number

of C-Pt bonds. More detailed statistics, that is, the specific probability for any n number

of C-Pt bonds, are given in the supplementary material section 1. For a given energy,

both parameters increase with atomic number of the implanted element. The fact that
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a similar evolution is observed in the disorder as characterized by Raman spectroscopy

supports the notion that the latter is indeed due to the formation of such bond defects.

Moreover, for all three elements, both parameters increase monotonously up to 30 eV,

showing a saturating behavior as the energy is increased to 40 eV (with a slight decrease

at 40 eV). A similar trend is also observed in the Raman data (cf. figure 1 for all three

elements at 15 eV and 25 eV and figure 3 for Ne between 15 eV and 40 eV). A more

quantitative Raman study was performed on Gr/Cu (cf. section 3.2), showing these

trends even more clearly, that is, increase in disorder with increasing atomic number of

the implanted atom, as well as with increasing energy.

Figure 4. STM micrographs showing: (a,d) The moiré periodicity in pristine Gr/Pt

(measured at RT with Vsample = -300 mV, Itun. = 200 pA); (b,e) As-implanted 15 eV

He Gr/Pt (measured at RT with Vsample = -100 mV, Itun. = 100 pA); (c,f) 200 ◦C

annealed 15 eV Ne implanted Gr/Pt (measured at 78 K with Vsample = -400 mV, Itun.
= 40 pA). Black arrows indicate 1D-like bond defects structures.

STM shows features that can be attributed to the bond defects described above. In

figure 4, we compare the surface of pristine graphene to those of He and Ne implanted

graphene (the latter after 200 ◦C annealing). In the case of pristine graphene, we

see the moiré superstructure resulting from the interference between the lattices of

graphene and Pt(111). For He and Ne implanted graphene, in addition to the graphene

nanobubbles [11], the moiré superstructure appears disturbed, and additional defects

are observed. Although these perturbations on the local density of states (LDOS) of the

surface appear as protrusions, we interpret them as due to the LDOS associated with

the formed C-Pt bonds, in which the C atoms are in fact shifted downwards (towards

the Pt surface, as depicted in figure 2). A similar effect in the LDOS (appearing as

a protrusion rather than a depression, even though the involved C atoms are shifted

downwards), has been observed for C-Pt bonds in the neighborhood of single carbon
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vacancies in graphene/Pt [46, 47], when the C-Pt bond involves the C π-orbital rather

than the σ-orbitals. Such a scenario, in which the C-Pt bonds formed in our samples

involve the C π-orbital, would also explain the difficulty in observing these defects

using STM, as it seems to require tip functionalization, as discussed in more detail in

section 2.2 of the supplementary information. Our STM data show that these defects

tend to be agglomerated in 1D-like structures, as shown in the as-implanted case for

He in figure 4b,e, with some defects appearing isolated but most being agglomerated

in 1D-like structures. This agglomeration and self-organization is even more clear after

thermal annealing at 200 ◦C as shown for Ne implanted graphene in figure 4c,f. This

annealing was required to improve the stability of the tunnel junction when measuring

Ne implanted samples. Without annealing, strong instabilities are observed (figure S3),

most likely due to disorder and surface contamination. Interestingly, in addition to

providing higher quality data due to a more stable tunnel junction, the defects after

annealing appear to be ordered in straighter and longer line structures (compared to the

as-implanted He case). In several areas, these 1D structures wrap around in triangular

shapes, that is, following a 3-fold symmetry. This observation is consistent with bond

defects that are already somewhat mobile at room temperature, allowing some degree of

self-organization; increasing the temperature to as little as 200 ◦C leads to further self-

organization into more ordered structures. This further self-organization likely follows

the symmetry of the Gr-Pt interface. This agglomeration effect suggests that isolated

bond defects are metastable, experiencing diffusion and self-assembly into more stable

extended (1D-like) defects, within a short time scale, that is, during or immediately

after the implantation at room temperature, before further characterization. It is also

possible that a fraction of the isolated defects are dynamically annealed, that is, that

the sp2 C-C bonds are restored within that short time scale. We return to this point

below, when discussing the more quantitative Raman spectroscopy study on Gr/Cu (cf.

section 3.2).

While bond defects are formed in the whole energy range that was considered (15-

40 eV), our MD simulations in the high-energy end (40 eV) also predict the formation

of defects that can be classified as vacancies. These events were analysed by filtering the

forward-sputtered C atoms based on their coordinates and bonding order with other C

atoms. Further manual checks were employed to cases where this automatic filtering was

uncertain. Backwards sputtering was not detected. Taking this definition, we obtain a

probability for vacancy formation, at 40 eV, of 0.001 for He and of 0.01 for Ne. This

small formation probability compared to the bond defects (figure 5b), together with

the fact that we do not find clear evidence of vacancy defects in our STM data, further

support the notion that disorder in this low-energy regime is dominated by bond defects.

Moreover, even if vacancies are formed, they may experience diffusion and trapping in

defective regions or dynamic annealing, which would further decrease their concentration

or detectability with STM.

These broken (dangling) bonds are highly reactive, and are thus expected to

lead to the formation of bonds between the damaged graphene and nearby atoms or
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Figure 5. Statistics on the bond defects simulated by MD, as a function of kinetic

energy of the impinging atom: (a) Average number of C-Pt bonds formed per impinging

ion; (b) Probability of an impinging ion to form any number of C-Pt bonds.

molecules, either from the substrate surface (as in our MD simulations) or from the

atmosphere (e.g., adsorbed hydrocarbons). Although our XPS measurements on Gr/Pt

(section 2.1 of the supplementary material) and Gr/Cu (subsections 3.3 and 3.4 of the

supplementary material) do show an increase in adsorbed hydrocarbon contamination

in the implanted samples (which is also consistent with the increased difficulty in

obtaining stable tunneling conditions for the STMmeasurements), this increase is largely

independent of the implanted species, contrary to the disorder that we detected using

Raman spectroscopy, which increases with increasing atomic number of the implanted

ion (for Gr/Pt above in the present section, and for Gr/Cu in the following section 3.2).

We therefore conclude that these bond defects are mostly passivated via formation of

bonds with the substrate (as predicted by our MD simulations), which in turn is the

origin of the disorder detected with Raman spectroscopy. The formation of carbon-

substrate bonds has also been observed for vacancy defects in ion-irradiated Gr/Pt [46]

and Gr/Ir [48].

3.2. Quantitative Raman spectroscopy study on Gr/Cu

In this subsection, we describe a more quantitative Raman spectroscopy study, taking

Gr/Cu instead of Gr/Pt, since the graphene Raman bands are significantly less

attenuated [44], as mentioned above. This results in a higher signal-to-background

ratio, and therefore less sensitivity to how the background is modeled. In figure 6, the

Raman spectra are shown as a function of energy, for the three implanted noble gas

elements.

In order to quantify the evolution of the Raman spectra as a function of

implantation energy, the following parameters of the Raman bands (D, G, 2D bands)

were determined: position (ω), FWHM (Γ), intensity (I), and integrated area (A).

These parameters were obtained by fitting the spectra. A linear background was
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Figure 6. Raman spectra for Gr/Cu, pristine and implanted with He, Ne and Ar,

for implantation energies between 15 eV and 40 eV. The intensity of the spectra is

normalized by the intensity of the corresponding G bands. The implantation energies

and the positions of the D, G, D ′ and 2D bands of graphene are indicated.

subtracted and the Raman bands were subsequently fitted with a Lorentzian lineshape.

Due to the limitations imposed by the Cu background, the spectral contribution of

amorphous carbon (that starts to form in stage 2 of the amorphization trajectory [49])

was not taken into account in the analysis as in references [50, 51]. This amorphous

carbon background consists of two broad bands with FWHM above 150 cm−1. When

measuring with a laser wavelength of 532 nm (as the data presented here), these two

bands would be expected at 1275 cm−1 and 1520 cm−1 [51]. Apart from the D band,

another disorder-induced Raman band, the D′ band (ωD′ ≈ 1630 cm−1), can be identified

as a single peak on the higher binding energy side of the G band (figure 6). The D′

band emerges around an implantation energy of 30 eV for He and 25 eV for Ne, while

for Ar it is present down to the lowest energy (15 eV). The intensity ratio of the two

disorder induced Raman bands, that is, ID′/ID, has previously been used to identify the

type of disorder, including grain boundaries, sp3 defects, and vacancies [52]. However,

in our data, considering the low intensity of the D′ band and the detrimental effect of

the Cu-related background, it is less appropriate to extract such detailed information.

In the following paragraphs, we briefly analyze the peak positions of the G and 2D

bands and the FWHM of the G band, and then discuss the disorder quantification in

more detail based on the ratios of D-to-G bands. Interestingly, although Gr/Cu allows

for a more quantitative analysis of the implantation-induced disorder, compared to

Gr/Pt, the characterization of these defects using STM is more challenging, as described

in section 3.1 of the supplementary information.

3.2.1. Peak position of the G and 2D bands. Figure 7 shows the peak position

of the G and 2D bands (denoted as ωG and ω2D, respectively), as a function of



Bond defects in graphene created by ultralow energy ion implantation 13

Figure 7. Position of (a) the G band and (b) the 2D band, as a function of the

implantation energy (from 15 eV up to 40 eV), for the three noble gases (He, Ne, Ar).

For pristine Gr/Cu, ωG = 1600 cm−1 and ω2D = 2720 cm−1. The standard deviation

for ωG is ∼ ± 2.2 cm−1; for ω2D it is ∼ ± 6 cm−1 (determined by measuring multiple

spots on the samples).

implantation energy, for the three noble gases. At low energy, both ωG and ω2D show an

approximately constant redshift in comparison to pristine Gr/Cu (with ωG = 1600 cm−1

and ω2D = 2720 cm−1). Above a certain energy, a significant increase in redshift is

observed with increasing implantation energy. The onset of that redshift occurs at 40 eV

for He, and at 35 eV for Ne and Ar. For n-doped graphene (Gr/Cu), the redshift of the

G band can result from the downshift of the Fermi level (EF ) [53], which may result

from weaker graphene-Cu interaction (i.e., less charge transfer from Cu to graphene) or

oxygen absorption (i.e., as a source of hole doping) [54]. Although a decrease in charge

doping may be partly responsible for the redshift of the G band observed in our samples,

that still does not explain the redshift of the 2D band. Apart from doping, also strain

can induce the shift of the G and 2D bands; in particular, a simultaneous redshift of the

G and 2D bands is associated with tensile strain [55]. In the case of Gr/Cu, it is known

that tensile strain can be induced upon the oxidation of Cu(111) [56, 57, 58]. However,

no trace of Cu oxidation was observed on our implanted Gr/Cu samples, even for Ar at

40 eV (cf. XPS spectra in figure S7 and Raman spectrum in figure S8), that is, where

the redshift is maximized. Therefore, the tensile strain in our samples is likely related

to the disorder induced by implantation: the formation of bonds between the C atoms

in graphene and the Cu atoms at the interface, which results in a local stretching of the

C-C sp2 bonds near the bond defects (figure 2 for Gr/Pt). A similar effect has also been

described for vacancy defects created by ion irradiation of CVD grown Gr/Ir(111) [48].



Bond defects in graphene created by ultralow energy ion implantation 14

Figure 8. G band FWHM, as a function of the implantation energy (from 15 eV

up to 40 eV), for the three noble gases (He, Ne, Ar). The standard deviation for the

FWHM of the G band is ∼ ± 1.4 cm−1 (determined by measuring multiple spots on

the samples).

3.2.2. Full width at half maximum of the G band. The FWHM of the Raman bands

is inversely proportional to the lifetime of the photo-excited electrons [59]. Among all

the Raman active bands, the FWHM of the G band is commonly used as a measure of

disorder, as it is sensitive to all kinds of disorder [49, 60]. Likewise, the FWHM of the

2D band also evolves as a function of disorder concentration. However, considering the

low intensity of the 2D band and the relatively high spatial variation (variation of the

intensity across the sample surface, even on pristine Gr/Cu), only the FWHM of the

G band is analyzed in more detail here. Figure 8 shows the evolution of the FWHM

of the G band (denoted as ΓG). The ΓG shows small variations at low energy and a

noticeable increase from approximately 30 eV. It is worth noting that ΓG of pristine

Gr/Cu is ≈ 12 cm−1, which is lower than all implanted cases presented here. Even the

implantation at 15 eV induces some degree of broadening, although minimal for He and

Ne.

3.2.3. D band versus G band ratio. Two types of ratios, that is, peak intensity (ID/IG)

and peak integrated area (AD/AG), can be used as indicators to evaluate the amount of

disorder [49, 24, 60, 5]. For graphene with low disorder density (at the beginning of stage

1 of the amorphization trajectory), intensity and integrated area ratios are expected to

give similar results, since the FWHM remains approximately constant (cf. figure 8) [61].

However, for graphene with high disorder concentration, the intensity ratio becomes

more sensitive than the integrated area ratio. In the regime of high disorder (starting

from the end of stage 1 of the amorphization trajectory), with increasing disorder, the

intensity of the Raman bands decreases and the FWHM increases, which makes the

integrated area less sensitive to variations in structural disorder. Here, we present both

intensity and area ratios, for completeness.

As can be seen in figure 9, both the intensity and the integrated area ratios show

a three-region evolution. For Ne, all three regions can be observed, while for He and

Ar, only two. At the lowest energies, which we will refer to as region A (more clearly

observed for He), the ratio remains at a small constant value (below the detection limit).

At higher energies, in a region that we will refer to as B (clearly observed on both He and
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Figure 9. D versus G ratio of (a) the intensity and (b) the integrated area, as a

function of the implantation energy. The standard deviation of the intensity ratio is

∼ ± 0.2; the standard deviation of the integrated ratio is ∼ ± 0.3 (determined by

measuring multiple spots on the samples). (c) 1/L2
D (as an estimation of the defect

concentration) calculated using equation 2. The grey area marks the regime where

equation 2 is valid, that is, in which the average distance between point defects (LD)

≥ 10 nm.

Ne), the ratio increases with increasing implantation energy, indicating that disorder is

accumulating without significant coalescence [24]. The transition between regions A and

B (around 25-30 eV for He and Ne) indicates a significant increase in the defect formation

rate. Finally, at the highest energies, in a region that we refer to as C (observed for

Ne and Ar), the ratio starts to decrease with increasing implantation energy, as a result

of the coalescence of the disordered areas [24]. The transition (maximum value of the

ratios) between regions B and C occurs around 30-35 eV for Ne and Ar. Such transition

marks the onset of the coalescence between disordered areas, which also corresponds to

the transition between stage 1 and stage 2 of the amorphization trajectory, that is, that

amorphous carbon starts to form in graphene [49]. In short, region A and B fall within

stage 1 of amorphization trajectory, while region C within stage 2 [49]. It is noteworthy

that in the case of He, only region A and B can be identified, with the D band being

absent for implantation energies of 25 eV and below; the D band emerges at 30 eV, and
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increases up to the highest energy used here (40 eV), suggesting that region C (observed

for Ne and Ar) would eventually emerge at higher energies. Although the substrate is

likely to play an important role on the bond-breaking mechanism and the formation of

C-substrate bonds, our Raman data for Gr/Pt and Gr/Cu as well as our MD simulations

for Gr/Pt show the same qualitative trends: increase in disorder with increasing energy

and atomic number of the impinging element. Interestingly, however, the amount of

surface contamination is largely independent of the implanted species. In particular, for

an implantation energy of 25 eV, whereas the ratio of the D band versus G band shows

a strong dependence on implanted ion (vanishingly small for He, near maximum for

Ar, and intermediate for Ne - figure 9), the amount of surface contamination detected

using XPS is essentially constant (section 3 in supplementary information). Therefore

we conclude that, although the surface modification induced by the ion implantation

increases the surface reactivity of graphene, leading to a measurable increase in the

amount of surface contamination, the latter does not scale with the amount of disorder.

In other words, surface functionalization with contaminants such as hydrocarbons is

unlikely to be the origin of the modifications in the Raman spectra (in particular the

emergence of the D band), which we attribute instead to the bond defects predicted

by our MD simulations. These bond defects are nevertheless likely to contribute to the

increase in surface contamination by increasing the surface reactivity; not only acting

as active sites themselves, but also due to the increased surface activity associated with

the surface corrugations [21, 22, 23] that the bond defects induce (cf. figure 4e).

The ratio of the D versus G bands can also be used to roughly estimate the average

distance between the defects (LD) that activate the D band [60]:

L2
D (nm2) = (1.8) × 10−9 λ4

L

(
ID
IG

)−1

, (2)

where λL is the laser wavelength (in nm). Although equation 2 was obtained for

vacancies (based on experiments on graphene irradiated with Ar ions with an energy of

90 eV), it is expected to be valid for other types of point defects as stated in reference [60],

at least in the regime of large LD taken here, where the nature of the defect is not

expected to strongly affect the ID/IG ratio. One can therefore expect this equation

to provide at least a rough estimation of LD in our samples, which were implanted

at energies below the threshold for vacancy formation, i.e., where bond disorder is

therefore the dominant type of defect. Indeed, a comparable evolution of the ID/IG
ratio was observed for graphene irradiated with 5–20 keV electrons [62], i.e., also well

below the threshold for vacancy formation. In the context of the present work, where

it is instructive to compare the observed disorder with the number of ions that produce

it (i.e., the fluence), we can convert this equation into an estimation of the defect areal

concentration, that is, L−2
D , given by:

1

L2
D

(cm−2) = (5.5) × 1022 λ−4
L

(
ID
IG

)
. (3)

These values are plotted in figure 9c. Since equation 2 is only valid when LD ≥
10 nm [60] (which is within stage 1 since the transition into stage 2 happens when
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LD = 3 nm), equation 3 is valid only when the defect concentration is of the order or

below 1012 cm−2. We highlight this validity region (grey box) in figure 9c. Outside

the grey box the disorder concentration is expected to deviate from equation 2 [60].

Up to the validity limit (25 eV for Ne and 30 eV for He), we reach a concentration

of ∼ 1×1012/cm2; comparing to the implantation fluence of 1015 atoms/cm2, this

indicates that approximately ∼ 1000 impinging ions are necessary to produce a single

observable defect. Although a crude estimate, this small ion-to-defect ratio indicates

that isolated bond defects are metastable, likely experiencing dynamic annealing and

agglomeration, as also suggested above for Gr/Pt. This notion of higher stability for

defect agglomerates compared to more isolated defects is further supported by the

observed fluence-dependence, presented next.

3.2.4. Disorder accumulation as a function of fluence. Figure 10 shows the Raman

spectra of Gr/Cu implanted with He at 25 eV, as a function of implantation

concentration (from 28% to 85%), which we define as the fluence (number of implanted

ions per surface area) divided by the C surface density of graphene (number of C

atoms per unit area). The D band versus G band ratios are plotted in figure 11.

The other parameters extracted from the analysis are presented in figure S9 in the

supplementary material. At low fluence (corresponding to a concentration of 28%) no

D band is observed; at higher fluences, 56% and 85%, a D band emerges and steadily

increases with fluence. The fact that the defect density (plotted in figure 11c, using

equation 3) extrapolates to zero at a non-zero fluence (larger than 28%) suggests that

there is a fluence threshold below which these defects are not created as efficiently or are

efficiently annealed within a short time scale (dynamic annealing). Since the collision

events of the impinging ions can be considered uncorrelated with respect to each other,

the absence of measurable disorder at low fluence should not be a result of lower creation

efficiency but instead of more efficient dynamic annealing. In other words, whereas for

fluence values the (mostly isolated) defects that are created experience efficient dynamic

annealing, the increase in fluence leads to defect agglomeration, and therefore higher

stability, so that the accumulated disorder scales more strongly with implanted fluence.

This picture of isolated bond defects being metastable, experiencing diffusion and self-

assembly into more stable extended (e.g., 1D-like) defects is also supported by (i) the

defect agglomerates observed in the STM data and (ii) the overall low ratio of defect

density to fluence (∼ 1/1000), that is, much lower than the simulated defect formation

probabilities (of the order of unity, figure 5).

4. Discussion

Bond disorder has been observed or proposed in studies where graphene was irradiated

with low-energy electrons (i.e., where the transferred kinetic energy remains below

Et) [62, 63, 64] and photons of various wavelengths, for example, visible laser

light [65, 66], extreme ultraviolet light [64, 67], and X-rays [68]. In reference [64],
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Figure 10. Raman spectra for He implanted Gr/Cu, as a function of He fluence

corresponding to 28%, 56% and 85% of the surface density of C in a Gr/Cu layer.

Figure 11. D versus G ratio of intensity (a) and integrated area (b), for He implanted

Gr/Cu, as a function of the He fluence corresponding to 28%, 56% and 85% of the

surface density of C in a Gr/Cu layer. (c) 1/L2
D (as an estimation of the defect

concentration) calculated using equation 2. All three data points are within the grey

area that marks the regime where equation 2 is valid, that is, in which the average

distance between point defects (LD) ≥ 10 nm.
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defect formation in graphene was studied by comparing the effect of extreme ultraviolet

radiation and low-energy electron beams (80 eV, i.e., orders of magnitude lower than

that required to produce vacancies, ≈ 80 keV [31, 69]). The Raman D band was

found to evolve as a function of the electron-beam dose. The authors conclude that the

photoelectron excitation is responsible for the breaking of sp2 bonds and formation of

sp3 bonds. The evolution of the Raman D band follows the amorphization trajectory,

where the graphene is gradually disassembled by the irradiation, that is, transformed

into a network of graphene nanocrystallites, and eventually amorphized [49]. The

self-assembly of the point defects into extended 1D defects that we report here can

be understood as the mechanism responsible for this often proposed disassembly of

graphene upon irradiation-induced bond breaking, that is, the decomposition of single-

crystal graphene layers into interconnected nanocrystallites [62, 63, 64, 65, 66, 64, 67, 68].

The self-assembled 1D defects that we observe with STM are likely to constitute

the initial phase of formation of the grain boundaries between these interconnected

nanocrystallites in disassembled graphene, which typically have characteristic length

scales of the order of 10 nm, just like the typical separation between the self assembled

1D bond defects revealed by our STM data (figure 4). While for these lighter particles

(electrons and photons), given the negligible kinetic-energy transfer to the C nuclei, the

bond breaking is likely induced purely by electronic excitation [70] and ionization, in

the present case (ions) it is plausible that both kinetic-energy transfer and electronic

excitation/ionization play a role. Future studies, combining MD simulations and density

functional theory (DFT) calculations [71], may provide further insight into these effects.

Although this work has focused on the bond defects, it is important to note the

effect of the presence of the substrate on the formation of vacancy defects. Comparing

the MD results reported here (for graphene on Pt) with those reported in reference [11]

(for free-standing graphene), using the same MD approach, there is a significant increase

in the minimum ion energy required to form a stable vacancy. Taking Ne as implanted

element, for which the onset of vacancy formation can be clearly identified in both cases,

while for free-standing graphene the vacancy formation probability increases from 0 to

9% between 25 eV and 30 eV [11], for Gr/Pt the probability increases from 0 to 1%

between 30 eV and 40 eV. This increase in threshold displacement energy Et (of the order

of 10 eV) can be easily understood as resulting from the presence of the substrate, that

is, although the impinging ion is still able to transfer momentum to the C atom in the

direction of the substrate (vacuum for free-standing graphene), this C atom is recoiled

back in the direction of the graphene plane upon collision with the substrate atoms.

Producing a stable vacancy therefore requires an additional amount of energy for the C

atom to be sufficiently displaced from its original position in the graphene lattice, for

example, being incorporated into the substrate subsurface. This is an important effect

to consider when ULE ion implantation is used for substitutional doping of graphene,

which requires formation of a vacancy that can be occupied by the implanted ion. In

particular, it may explain the low efficiency for substitutional incorporation of 40 eV

Mn [8]. Future experimental studies, supported by combined molecular dynamics and
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density functional theory [71] taking into account the presence of the substrate, and

extending the range to higher energies, will allow to further optimize the process of

substitutional doping and understand the underlying mechanisms.

While here we have focused on studying the formation of these bond defects, by

characterizing as-implanted samples, our results raise important questions regarding the

stability of these bond defects against thermal annealing, for example, towards further

agglomeration, restoration of the sp2 C-C bonds, etc. Similarly, it will be interesting to

study the (local) electronic properties of these bond defects, for example, using scanning

tunneling spectroscopy, as well as their effect on the electronic structure of graphene, for

example, using angle resolved photoemission spectroscopy (ARPES). Finally, it will also

be interesting to investigate the chemical activity of these bond defects in graphene, for

example, in the context of catalysis and capture of pollutants. While the present results

on Gr/Pt and Gr/Cu indicate that the dangling bonds formed upon ion irradiation are

mostly passivated via bond formation with the substrate atoms, it is plausible that the

use of more inert substrates would result in a significant fraction of dangling bonds

remaining as chemically-active sites.

5. Conclusion

We studied the defect formation in graphene resulting from ultralow energy ion

implantation. As model systems, we used graphene grown on Cu(111) and on Pt(111),

subsequently implanted with He, Ne and Ar with energies between 15 eV and 40 eV,

to a fluence of 1× 1015 ions per cm2. A combination of Raman spectroscopy, scanning

tunneling microscopy and MD simulations revealed the formation of bond defects. Such

a defect is formed when an impinging ion interacts (Coulomb collision) with one or

more C atoms in the graphene layer. This interaction results in the breaking of C-C

sp2 bonds and formation of C-substrate bonds. These defects are formed down to ion

energies of 15 eV, significantly below the energies required to form stable vacancies.

The formation probability increases with increasing energy and atomic number of the

impinging element. Moreover, our data strongly suggests that isolated bond defects are

metastable at room temperature, being prone to dynamic annealing and agglomeration

into more stable defect complexes. Similar bond disorder has been previously reported

for graphene irradiated with photons and low-energy electrons. While for these lighter

particles, the bond breaking is induced by electronic excitation/ionization, in the case

reported here, for ions, the transfer of kinetic energy to the C atom during the collision

is likely to also play an important role. In particular, the decrease in distance (during

the collision) between the recoiled C atom and the substrate surface atoms may assist

the formation of C-substrate bonds. Our Raman data indicate that the formation of

these bond defects is accompanied by an increase in tensile strain in graphene, which

can be understood as due to the local C-C bond stretching required to accommodate

this deviation from flat graphene.

These findings significantly advance our understanding of disorder induced in
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graphene by ULE ion implantation, which is relevant in arguably any application

context, such as electronic or chemical functionalization. In addition, they reveal

new questions and application opportunities. On the one hand, they motivate further

research towards a deeper understanding of these bond defects: their formation

mechanism (e.g., the roles of electronic excitation/ionization versus momentum transfer

in a collision); their thermal stability (e.g., with respect to diffusion, agglomeration

and annealing); their local electronic properties and their effect on band structure of

graphene. On the other hand, future research on the chemical activity of these bond

defects in graphene may reveal exploitation possibilities, for example, in the context of

catalysis and of covalent functionalization with molecular groups. The fact that this

type of defects is created in the low energy limit (at least down to 15 eV), would allow

to controllably generate them while avoiding the formation of other defects such as

vacancies.
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Appendix A. Supplementary data

The supplementary data to this article consist of:

• Additional MD results

• Additional data for Gr/Pt with accompanying references [72, 73]

• Additional data for Gr/Cu with accompanying references [74, 75, 76, 77, 38, 78, 79,

80]
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[68] S. Zhou, Ç. Girit, A. Scholl, C. Jozwiak, D. Siegel, P. Yu, et al., “Instability of two-dimensional

graphene: Breaking sp2 bonds with soft x rays,” Physical Review B, vol. 80, no. 12, p. 121409,

2009.

[69] T. Susi, J. C. Meyer, and J. Kotakoski, “Quantifying transmission electron microscopy irradiation

effects using two-dimensional materials,” Nature Reviews Physics, vol. 1, no. 6, pp. 397–405,

2019.

[70] N. Medvedev, H. Noei, S. Toleikis, and B. Ziaja, “Response of free-standing graphene monolayer

exposed to ultrashort intense xuv pulse from free-electron laser,” The Journal of Chemical

Physics, vol. 154, no. 20, p. 204706, 2021.
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energy ion implantation

1. Additional MD results

Figure S1 shows the probability of an impinging atom creating n C-Pt bonds, with

n between 1 and 6. For a given element, with increasing energy, the distribution in

n becomes broader and centered at higher values of n. For a given energy, a similar

evolution is observed with increasing atomic number of the impinging element.
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Figure S1. Probability (obtained from the MD simulations) of an impinging atom

creating n C-Pt bonds, for energies between 15 eV and 40 eV, for the three noble gas

elements: (a) He, (b) Ne, (c) Ar.

2. Additional data for Gr/Pt

2.1. Synchrotron XPS data for Gr/Pt

Figure S2 shows synchrotron XPS data on pristine Gr/Pt as well as Ne and Ar implanted

Gr/Pt. The pristine sample exhibits, in addition to the graphitic C component (C in the

graphene lattice), non-graphitic C components (81.40% with respect to the graphitic C)

that are likely related to hydrocarbon contaminants and possibly some defects (e.g.,

grain boundaries). A significant O signal is also observed (43.2% with respect to

graphitic C), likely also related to the hydrocarbon components observed in the C core-

level. The Pt signal is consistent with pure metallic Pt [72]. In the Ne implanted

sample, we observe an increase in the non-graphitic C components (to 117.3%), which

is likely related to an increase in defect-related components as well as hydrocarbon

contaminants. An increase in the O signal (to 95.7%) is also observed, consistent with
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Figure S2. Synchrotron XPS spectra and fit for Gr/Pt(111), pristine (top) and

implanted with 25 eV Ne (middle) and Ar (bottom) ions: (left) C 1s core-level, (center)

O 1s core level, (right) Pt 4f core level.

an increase in hydrocarbon coverage. The Pt peak area decreases by 22% (compared to

pristine sample), likely resulting from the increase in adsorbed hydrocarbons (i.e., Pt is

effectively deeper in this sample). In the Ar implanted sample, the C core-level becomes

even more complex, that is, the ideal graphitic component appears to be replaced by

a broader feature which we fit with two components. This effect is likely related to

the even higher degree of disorder for Ar versus Ne implantation. The O signal also

increases (to 111%), in particular, with the appearance of an additional component

likely related to Pt-O and hydroxyl groups [73]. In the Pt signal a corresponding new

component emerges related to hydrated Pt and O on Pt as 2D clusters [73]. This data



Supplementary material 3

(C, O, Pt) on the Ar implanted sample suggests that the disorder increased to a level

that it enhances water intercalation and oxidation.

In short, we see signs of increased disorder and hydrocarbon contamination induced

by the implantation. Since the XPS measurements are performed ex-situ, it is likely that

the additional C and O is adsorbed upon the short exposure to ambient, between the

implantation and the XPS measurement, as the induced defects increase the reactivity

of the graphene surface. However we do not observe a clear correlation between the

amount of disorder and the amount of contamination. This lack of clear correlation is

also observed for Gr/Cu (cf. section 3.3).

2.2. STM contrast of bond defects

We suspect that the emergence of a clear STM contrast associated with the bond defects

requires a particular orbital symmetry of the last atom(s) at the tip apex or the tip to

be functionalized (e.g., by a hydrocarbon molecule picked up by the tip during the scan)

as this contrast is not always observed regardless of whether the tip is atomically sharp

or not. This may be related to a different orbital overlap between this last atom(s) at

the tip apex with the C/Pt bond defect. In fact, we often see the contrast vary from one

tip to the other during the scan. An example is presented in figure S3 for Ne implanted

Gr/Pt, where the tip spontaneously changed around the middle of the scan. Here,

while the Ne bubbles look equally sharp and the corrugation due to the lattice can be

identified on both regions (functionalized tip and non functionalized tip), the contrast

associated with the bond defects changes from sharp features to broader corrugations

in the bottom half region of the scan (non functionalized tip region). This is consistent

with the scenario that we propose in the main text: the defect feature observed in the

STM micrographs (protrusions) are due to a change in LDOS resulting from C-Pt bonds

that involve the C π-orbital rather than the σ-orbitals, as has been described for for C-Pt

bonds in the neighborhood of single carbon vacancies in graphene/Pt [46, 47]. In such

a scenario, one would indeed expect that functionalization of the tip would drastically

change the orbital overlap between the π-orbital of the C atom(s) involved in the C-Pt

bond and the orbitals of the atom at the tip apex, and thus the sensitivity to the LDOS

associated with the bond defect.

3. Additional data for Gr/Cu

3.1. STM characterization of He and Ne implanted Gr/Cu

In figure S4, we compare the surface of pristine graphene to He and Ne implanted

graphene. In the case of pristine graphene, we see the moiré superstructure resulting

from the interference between the lattices of graphene and Cu(111) and some point-like

depressions (indicated by black arrows) which are related to intercalated defects [8].

For the He implanted graphene, no additional features are observed. We note that the

apparently increased amount of intercalated defects in the implanted sample (panel b)
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Figure S3. STM micrograph showing as-implanted 25 eV Ne Gr/Pt (measured at RT

with Vsample = 50 mV, Itun. = 300 pA).

Figure S4. STM micrographs showing: (a,d) The moiré periodicity in pristine Gr/Cu

(measured at RT with Vsample = -300 mV, Itun. = 100 pA); (b,e) As-implanted 25 eV

He Gr/Cu (measured at 5 K with Vsample = -500 mV, Itun. = 50 pA) (c,f) As-implanted

25 eV Ne Gr/Cu (measured at RT with Vsample = -200 mV, Itun. = 200 pA).

is not representative; these intercalated defects are also present in the pristine surface

and their density varies across the sample surface; this increase from panel (a) to panel
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Figure S5. D versus 2D ratios, as a function of implantation energy (from 15 eV

up to 40 eV), for the three implanted elements (He, Ne, Ar): (a) Intensity ratios;

(b) Integrated area ratios. The standard deviation of the intensity ratio is ∼ ± 0.2;

the standard deviation of the integrated ratio is ∼ ± 0.2 (determined by measuring

multiple spots on the samples).

(b) is only apparent, and thus not related to the implantation. For the Ne implanted

graphene, despite the multiple tip effect artefact in the micrograph; we are able to resolve

a surface defect on the top left corner (indicated by a white arrow) and no additional

features are observed in the surface. As discussed in the main text, although the Raman

spectroscopy data show that bond defects are present both in Gr/Pt and Gr/Cu, we

do not observe in Gr/Cu the characteristic perturbations of the LDOS that appear in

the in STM micrographs of Gr/Pt (regardless of the tunneling parameters used), at

least for these two cases of He and Ne implanted graphene at 25 eV. More thorough

STM experiments will be necessary to understand why these perturbations to the LDOS

are less clear in Gr/Cu, but one may relate their absence to the different interaction

between graphene and Pt(111) compared to Cu(111). As described in the main text and

in section 2.2 of the supplementary information, even for Gr/Pt the STM observation

seems to depend on accidental tip functionalization and a specific overlap between tip

orbitals and the π-orbital of the C atom involved in the bond defect. The fact that the

bond disorder is not clearly observed in the STM data for Gr/Cu may simply result

from the fact that the same conditions are not provided by the the C-Cu bonds in the

Gr/Cu system. We also stress (as mentioned in section 3.1) that strong instabilities in

the tunneling junction due to disorder and surface contamination make STM imaging of

the as-implanted graphene challenging. Moreover, as shown in reference [80], as-grown

graphene on Cu(111), which is then exposed to ambient conditions, tends to exhibit

a high density of Cu steps and an annealing treatment is necessary; thus limiting the

experimental conditions in which this thorough STM characterization could be done.

3.2. D band versus 2D band ratio

Although, as mentioned above, the ID/IG ratio provides the most reliable insight

into disorder formation in graphene, in the following we discuss the 2D band for

completeness. The intensity of the 2D (G ′) band decreases monotonically as a function
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Table S1. Oxygen to carbon (O/C) ratio for pristine and implanted Gr/Cu (25 eV),

estimated from the C 1s and O 1s core-level peaks. The estimation is achieved by taking

the integrated area and photoionization cross section into consideration, assuming the

Cu(111) substrate is free of C and O (i.e., all the observed C and O are in the vicinity

of graphene). Photoionization cross section of C 1s and O 1s peak are 0.02228 and

0.06354 [77], respectively.

pristine He implanted Ne implanted Ar implanted

0.316±0.007 0.355±0.004 0.383±0.001 0.381±0.001

of disorder [5], and only weakly depends on the doping (n- or p- type) [74]. In contrast,

the intensity of the G band, which relates to the relative motion of sp2 C atoms in the

lattice, remains basically constant with increasing disorder in the low disorder regime,

and then strongly decreases when graphene is turned into amorphous carbon [49].

Figure S5 shows the evolution of both ID/I2D and AD/A2D ratios. Unlike ID/IG and

AD/AG ratios, which increase up to a maximum value and then decrease with increasing

energy, ID/I2D and AD/A2D increase monotonically with increasing energy all the way

up to 40 eV. This supports the notion that the rate of disorder formation increases

monotonically with increasing implantation energy (at least up to 40 eV). However, we

have observed that the intensity of the 2D band can vary by a factor of 2 across a sample.

Since this is also observed in our pristine Gr/Cu samples and is therefore unlikely to

be a consequence of non-uniform ULE ion implantation. This variation in the 2D band

intensity is more likely associated with wrinkling (local strain relaxation [75]), defects of

the Cu(111) film (e.g., twin boundaries or surface roughness) and unintentional doping

(e.g., oxygen adsorption on graphene or copper oxidation [54, 76]).

3.3. XPS on Gr/Cu implanted with He, Ne and Ar at 25 eV

Figure S6. XPS spectra of C 1s (a) and O 1s (b) core-level peaks, measured on

25 eV noble gas implanted Gr/Cu, implanted with the following noble gases: (blue)

He, (black) Ne, (red) Ar. Data for pristine Gr/Cu are shown (in black dots).

We also performed XPS measurements to quantify the amount of surface

contamination induced by the ULE ion implantation process. Figure S6 shows the
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XPS spectra near the C 1s and O 1s core-level peaks, for an implantation energy of

25 eV (chosen as a representative case). In the case of pristine Gr/Cu, the C 1s

peak shows the typical asymmetric feature of sp2 C; whereas the O 1s peak consists

of two main components, located at ≈ 532.5 eV and ≈ 531 eV, which are both

attributed to adventitious carbon (i.e., carbon-oxygen (C-O) related bonding, due to

air exposure) [38], which will be denoted as type 1 and type 2 adventitious carbon.

Comparing implanted to pristine Gr/Cu, two main changes can be identified: for C

1s, there seems to be an additional component emerging at ≈ 286 eV, which is likely

due to implantation-induced surface contamination or defects in graphene; for O 1s,

the intensity of the type 2 adventitious carbon increased by more than a factor of 2

after implantation. Interestingly, the changes induced upon implantation, in terms of

the line shape, for both C 1s and O 1s, are essentially independent of which gas is

implanted. An approximate quantification of C and O can be achieved assuming that

the substrate, the Cu(111), consists of pure Cu, that is, C and O free. Table S1 shows

the O/C ratio of pristine and implanted Gr/Cu: the O/C ratio varies between 0.316(7)

for the pristine sample and 0.383(1) for the samples implanted with Ne. Although the

implantation indeed led to an increase in the amount of some surface contamination, that

effect is largely independent of the implanted element. On the other hand, as discussed

in the main text, the amount of disorder inferred from the Raman spectroscopy data

strongly increases with the atomic number of the implanted ion. In particular, for

the implantation energy used for this XPS experiment (25 eV), the ratio of the D

band versus G band is vanishingly small for He, and steadily increases from Ne to Ar

(figure 9). Therefore we conclude that, although the surface modification induced by the

ion implantation increases the surface reactivity of graphene, leading to a measurable

increase in the amount of surface contamination, the latter does not scale with the

amount of disorder.

3.4. XPS and Raman spectroscopy on Gr/Cu implanted with Ar at 40 eV

XPS was performed on the most defective (according to the Raman characterization)

implanted graphene case, that is, implanted with Ar at 40 eV (figure S7). From the

C 1s and O 1s peaks, a small increase in O/C ratio is observed (to 0.433(11), using

the same quantification method as for table S1). Other than this slight increase,

the effect of implantation is essentially the same as what is described in section 3.

No indication of additional components is observed, for example, such as possible

oxidation of Cu(111) substrate, which would otherwise indicate significant sputtering

of the graphene layer. In figure S7c,d, showing the Cu 2p core-level peak and LMM

Auger peaks, this Ar implanted Gr/Cu shows lower intensity in both spectra, implying

that the higher disorder might have enhanced the surface reactivity of graphene (e.g.,

at the defect sites), and therefore, the Cu signal in the spectra may be screened by

the surface contamination. It is worth noting that judging from the line shape of the

spectra, the Cu(111) still maintains a metallic signature, that is, remains protected
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Figure S7. XPS spectra on pristine (black dots) and 40 eV Ar implanted (red line)

Gr/Cu: (a) C 1s core-level; (b) O 1s core-level; (c) Cu 2p core-level; and (d) Cu LMM

Auger.

Figure S8. Raman spectrum for 40 eV Ar implanted Gr/Cu, in the region where

copper oxide features would be observed if present.

from surface oxidation by the graphene layer [78, 79]. This is supported by the Raman

data (figure S8), in which only the Cu photoluminescence background can be observed,

without any indication of presence of copper oxide [58].

3.5. Disorder accumulation as a function of fluence: additional Raman analysis

Figure S9 shows the position of the G band, and in figure S9c, the FWHM of both

the G and 2D band are presented. In comparison to pristine Gr/Cu, mild amount of

disorder (ΓG increases from ≈12.5 cm−1 to ≈17 cm−1) is observed on He implanted
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Figure S9. Positions of the G band (a) and 2D band (b), and FWHM of the G band

(c) for pristine graphene/Cu(111) (orange triangle) and as a function of the He fluence

corresponding to 28%, 56% and 85% of the surface density of C in a graphene/Cu(111)

layer.

Gr/Cu, as well as some tensile strain (red shift of both G and 2D band), indicating the

sp2 bonds are broken by the ion implantation, and consequently weakly bonded to the

underlying substrate [64]. The FWHM (ΓG) stays below 18 cm−1 with an implantation

concentration up to 85% (figure 11).


