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ABSTRACT

Leifer: Klaus.Leifer@angstrom.uu.se; Biplab Sanyal:

The past decade has witnessed a tremendous development of graphene applications in many fields, however, as one of the key
considerations, the mechanical properties of graphene still remain largely unexplored. Herein, by employing focused ion beam
irradiation, graphene with various defect levels is obtained and further investigated by using Raman spectroscopy, and scanning
tunnelling microscopy. Specially, our atomic force microscopy based nanomechanical property measurement demonstrates a
clear defect density dependent behaviour in the elastic modulus of graphene on substrate as the defect density is higher than a
threshold value of 10'2 cm™, where a clear decay is observed in the stiffness of graphene. This defect density dependence is
mainly attributed to the appearance of amorphous graphene, which is further confirmed with our molecular dynamics
calculations. Therefore, our reported result provides an essential guidance to enable the rational design of graphene materials
in nanodevices, especially from the perspective of mechanical properties.

Ever since the isolation, graphene has become one of the
topical materials as a versatile platform to study the
electronics, magnetics, mechanics and quantum physics
phenomena where its simple two-dimensional honeycomb
lattice structure is at the origin of a number of anomalous
properties 8. As evidenced by a series of experimental and
theoretical studies, the physical properties of graphene can be
modified by tuning its structures °!!. For instance, by
engineering the graphene edge with zigzag structure,
nonbonding n-electron states can be introduced, which gives
graphene spin-polarized electronic properties '2, and similarly,
by engineering the graphene edge with armchair structure,
size-dependent band gap can be demonstrated 3. Modification
of graphene has great effect on the physical properties of
graphene. Except the electronic properties, as the strongest

material in nature, the nanomechanical properties of graphene
also attracted widespread attention.

Graphene has high elastic modulus (1.02 TPa)', and the
reason for the extraordinary stiffness of graphene lies in the
stability and uniformity of the sp? hybridized carbon atoms
which form the hexagonal aromatic rings in graphene lattice and
oppose a variety of deformations '> !°. Exploring the factors
which influence the elastic modulus in experimental and
computational approaches will have great effect on extending
the potential applications of graphene in nanodevices" ', Los
et al. 2% obtained explicit expression for the size and strain
dependence of graphene’s elastic moduli by atomistic
simulations, providing an explanation for the anomalous strong
variations with strain in recent measurements of the elastic
modulus. In addition to the size-dependence of the in-plane
elastic moduli, the defects on graphene also influence



graphene’s mechanical property. It is commonly assumed that
the defect can deteriorate the mechanical properties of graphene
due to the breaking of the sp? hybridized carbon network, but
the real situation is more complicated. For instance, Lopez-
Polin et al,. 2! studied the mechanical properties of freestanding
graphene and it is found that the elastic modulus of graphene
increases when the defect level is extremely low. However, how
the defect density influences mechanical properties of graphene
in a wide range of defect density still remains as a question,
especially for more practical graphene system such as supported
graphene (graphene on substrate), which play a crucial role in
determining the stability and performance of the nanodevices.

In this work, we have employed the focused ion beam (FIB)
irradiation in high vacuum to obtain supported graphene with
different defect densities. Our atomic force microscopy (AFM)
based elastic modulus measurements find that graphene shows
a clear defect density dependent behaviour in the elastic
modulus. When the defect density is lower than 10'? cm™, the
stiffness of graphene remains nearly unchanged, showing a
plateau when plotting the elastic modulus as a function of
defect density, but a clear decay will be revealed as the defect
level becomes higher.

A Renishaw Raman spectroscope with 532 nm excitation
was employed to characterize the structure modifications in
graphene. The the effect crystallite size L, (nm) and defect
density np(cm™2) of graphene under ion irradiation can be
calculated as:

Ly =CHGED)™ (1)
L= @@ @
np = 101/ (wL3) 3)

where C(1) and C’(1) are constants relating to the
wavelength of the incoming Raman scattering light. Equation
(1) applied in the first phase that the intensity ratio of In/Ic (as
shown in Figure 1b) increases with the applied ion dosage and
the Equation (2) applied in the second phase that the intensity
ratio of In/Ig decreases with the applied ion dosage.

Peak force quantitative nanomechanical mapping mode in
a Bruker Multimode 8 atomic force microscopy (AFM) was
utilized in this work to characterize the elastic modulus of the
graphene/SiO. system as well as bare SiO. by using an
antimony doped Si tip (300 N/m) with an 8 nm radius ==. To
obtain the elastic modulus E, the Derjaguin-Muller-Toporov
(DMT) model is employed and can be expressed as 24+26:

F—Fy=2E"\JR(d — do)? (4)

1—v2, .2
B = [ %51 (5)

Etip Eg

where F — F, is the force applied on the AFM cantilever
relative to zero force, R is the tip radius and d — d, is the
sample deformation.

The calculations for the generation of crystallite graphene
and amorphous graphene structures were done by classical
molecular dynamics (CMD) with the open source LAMMPS
package 2’ employing the Tersoff potential 2. Crystallite
graphene flakes were produced by adding 10 A space along x-
y directions in the following supercells; (18x18), (20x20),
(23x23), (25x25), (30x30), (35x35), (40x40), (45x45),
(50x50) where the lattice parameter of the unit cell was
considered as 2.46 A and the vacuum region was taken to be
40 A. The generation of amorphous graphene structures were
initiated by distributing atoms randomly into the defined 2D
crystallite graphene supercells mentioned above. These
random initial structures were subjected to the following
procedures; heating at 5000 K; fast-quenching to 2000 K with
a 51.28x10'* K/s cooling rate; applying short equilibration at
2000 K for 135 fs; quenching to 300 K with a 49.71x10'3 K/s
cooling rate and the final equilibrating step at 300 K for 3420
fs. We used Berendsen thermostat 2 for temperature re-scaling
with 45 fs relaxation time with 1 fs time step. After obtaining
the periodic 2D amorphous structures, the amorphous
graphene flakes were prepared by adding 10 A space along x-
y directions. Thereafter, force minimization of the
nanocrystallite graphene and amorphous graphene flakes was
done at T = 0 K with a stopping energy tolerance of 1x10°!3
eV. Binding energies BE of the systems were obtained from:
BE = —[Esystem —nE¢/n|, where Egystem is the system's
total energy, E. is the energy of a single C atom and n is the
total number of atoms.

Large-scale monolayer graphene synthesized by chemical
vapour deposition (CVD) and transferred to SiO»/Si substrate
30,31 was employed. The structural modification of graphene
samples was induced by using focused ion beam (30 kV Ga)
irradiation in a FEI Strata DB235 (FIB/SEM) with ion dosages
ranging from 10'2 to 5x10'* ions/cm? under a vacuum
condition of 10-mbar ==. As compared with plasma techniques
«=_the advantage of employing high energy ions for the
modification of graphene is that, after bombarding the carbon
atoms, the ions can penetrate into the substrate deeply and do
neither substitute carbon atoms nor accumulate on the
graphene surface (see supporting information Figure S1).
Therefore, there are no sp: adatoms (e.g. O binds to graphene
in Oxygen plasma) on top of the graphene sheet and the
structural modification in graphene will only occur in the
created defect or boundary region, which will make the
following analysis and especially their interpretation easier.

To quantitatively analyse the structural modifications in
graphene, Raman spectroscopy was employed and the
evolution of the Raman spectra of graphene samples under ion
irradiation is shown in Figure la. It can be seen that the D
peak (at ~1350 cm'), the indicative of disorder, rises



considerably and becomes prominent with increased ion
dosages, whereas conversely the 2D peak (~2700 cm™)
becomes less intensive and broad. When we plot the intensity
ratio In/Ig as shown in Figure 1b, we observe a considerable
increase of this ratio with increasing ion doses and a maximum
intensity ratio In/Ig of 3.4 at an ion dose of 10'* ions/cm?
where after the ratio decreases clearly and reaches about 0.7
for the highest ion dose 3% 7. This inverted V-curve
phenomenon in the In/lg plot of graphene is commonly
explained as a transition where the first stage (In/IG increases

with ion dosage) indicates the transition from graphene to
nanocrystalline graphene and the second stage (In/Ig increases
with ion dosage) indicates the transition from nanocrystalline
graphene to amorphous graphene. To better illustrate the
defect level in graphene under ion irritation, the defect density
as a function of the ion dosage is plotted in Figure lc, from
which it can be seen that the defect density monotonically
increases with the dosages, which indicates a clear tendency
that more ion irradiation leads to higher defect levels in
graphene, which agrees well with previous reported 337,
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Figure 1. Raman analysis of the structure modifications in graphene under ion irradiation. (a) Evolution of graphene
on top of SiO, substrate under the ion dosages from bottom to up: 10'2, 2x10'2, 3x10'2, 4x10'2, 6x10'2, 10'3, 2x10"3,
3x10'3, 5x10'3, 10™, 5x10'* ions/cm?. (b) Raman peak intensity ratios of Ip/Ig as a function of applied ion dosages.

(c) Defect density as a function of applied ion dosages.

To better understand the structure modification, scanning
tunnelling microscopy (STM) was employed to characterize
the structure of graphene by obtaining atomic resolution STM
images as shown in Figure 2. Figure 2a depicts the STM image
of graphene at lowest ion dosage irradiation with a defect
density of 4x10'° cm™, and it can be seen that the main area
remains a close to perfect graphene crystal. After having

exposed the sample to highest ion dose irradiation (a defect
density of 3.3x10'2 cm?), we observe the graphene areas with
strongly reduced crystallite lattice contrast. From previous
Raman studies on the defected graphene, the sample in Figure
2b with a very low intensity ratio In/Ic of 0.7 is normally
considered as amorphous graphene.

Figure 2. STM images of graphene. Under the ion dosages of (a) 10'% ions/cm? and (b) 5x10'* ions/cm?, respectively.



Prior to the elasticity characterization of the graphene on
SiO2 system, we have performed the AFM based
nanoindentation of the bare SiO; substrate under the same ion
irradiation conditions. From the AFM height image (Figure
3a), it can be seen clearly that there is a height contrast
between the ion irradiated area and non-irradiated area due to
the ion implantation *°, leading to the slight increase in the

-2 nm

% 100 GPa

height of the ion irradiated area, also known as swelling effect.
However, the reconstructed elasticity mapping shows a
uniform contrast in the image between the two areas (Figure
3b), which indicates that there is no stiffness difference.
Therefore, the ion irradiation does not modify the elastic
modulus of the SiOz as shown in Figure 3c.
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Figure 3. Substrate analysis under ion irradiation. (a) Height and (b) reconstructed elastic modulus mapping of the
SiO, under 5x10'* ions/cm? ion irradiation. The inserted graphs show the profiles crossing the irritated and non-
irradiated areas. The scale bar is 200 nm (c) Plotted Young’s modulus of the SiO as a function of applied ion
dosages. The irradiation condition on SiO; is as the same as the graphene on SiO,.

In order to understand the evolution of elastic modulus in
the system of graphene on SiOz, a series of samples was
prepared and then characterized by using AFM based
nanoindentation *'***. Figure 4 displays the recorded force-
distance curves of the graphene at low and high defect levels
as well as detailed schematic illustration of different phases
from the approach and retract process of the AFM
nanoindentation. It can be seen clearly that the slopes at the
phase II/III are quite different for graphene with different
defect density, which indicates that the elastic moduli are
distinct. The systematic result on the evolution of the elastic
modulus of graphene with various defect density is
demonstrated in Figure 5a. Remarkably, it is found that the
elastic modulus plot of graphene on SiOx can be classified into
two regions where a threshold point can be obtained at a defect
density of 10'2cm2. When the defect level is lower than 10'2

cm?, the elastic modulus remains nearly constant, resulting in
a plateau region in the plot. While at a defect density higher
than 102 cm?, the elastic modulus starts to show a
considerable drop as the defect density increases. The white
dotted line in the plot indicates the elastic modulus of the SiOz
substrate, and for the graphene with the highest defect density,
the Young’s modulus decreases below the one of the SiO-.
When taking into account the stagnancy of the elasticity
modulus of SiO: at increased ion dose in Figure 3b, it can be
concluded that the significant drop in the elastic modulus of
the graphene on SiO: system is mainly attributed to the
considerable decrease of the elastic modulus in the graphene.
Moreover, it can be found that for graphene sheet on top of
SiO2 with the highest defect density, the elastic modulus is
smaller than the one of SiOz, and therefore the graphene must
be softer than SiOs-.
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Figure 4. AFM based nanoindentation for nanomechanical measurements. (a) Force-distance curves for
graphene with defect density of (a) 4x10' cm? and (b) 3.3x10'? cm? (c) schematics of the

nanoindentation process for different phases.
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Figure 5. Evolution of the elastic modulus of the graphene on SiOx substrate with different defect
densities. The white dotted line indicates the elastic modulus of the SiO: substrate.

From above Raman and mechanical property
characterizations, it is found that the eclastic modulus of
graphene remains nearly constant within the transition from
graphene to nanocrystalline graphene as the defect density
lower than 10'2 cm?, while a clear decay can be observed
within the transition from nanocrystalline graphene to

amorphous graphene as the defect density higher than 10'2 cr
2, Therefore, it can be explained that the decrease in the elastic
modulus is mainly attributed to the appearance of the
amorphous graphene, which starts to present when the defect
density is higher than 10'2 cm2. Theoretical calculations have
reported a linear correlation between the binding energy and



the elastic modulus of graphene, indicating an approach to
invesitigate the mechanical properties of graphene
qualitatively by employing theorical methods. To further
comfirm the effect of the amorphous graphene on the elastic
modulus of graphene, a series of molecular dynamics
simulations have been carried out, in which nanocrystalline
graphene and amorphous graphene with different sizes were

calculated. The obtained binding energy plots are shown in
Figure 6. From which it is clear to be seen that the binding
energy for amorphous graphene is considerably lower than
that of nanocrystalline graphene, which agrees well with our
explanations on the deteriorate effect of the amorphousness on
the mechanical properties of graphene.
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Figure 6. Molecular dynamics calculations of the binding energy with different sizes.

In conclusion, by employing ion irradiation and AFM based
nanoindentation techniques, defect density dependent elastic
modulus behaviour of graphene is revealed when the defect
density is higher than 10 c¢cm?. It is found from our
experiment that, when the defect density is lower than 102 cm
2, the elastic modulus of graphene remains nearly constant,
leading to a plateau region when plotting the elastic modulus
as a function of defect level. While at a defect density higher
than 102 cm?, the elastic modulus starts to show a
considerable decrease as the defect decreases. These results
provide an essential guidance to enable the rational design of
graphene materials in nanodevices, especially from the
perspective of mechanical properties.

See the supplementary material for the XPS analysis of the
graphene after ion irradiation of 5x10'* ions/cm?; amorphous
and nanocrystalline graphene for molecular dynamics
calculations.
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