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Abstract

Strain and defects in graphene have critical impact on morphology and properties of graphene.

Here we report equi-biaxial compressive strain in monolayer graphene on SiO, and Si3N, substrates
induced by thermal cycling in vacuum. The equi-biaxial strain is attributed to the mismatch in
coefficient of thermal expansion between graphene and the substrate and sliding of graphene on

the substrate. The sliding occurs during heating at the temperatures of 390 and 360 K for graphene
on SiO; and SizNy substrates, respectively. The biaxial Griineisen parameter is determined to be
1.95and 3.15 for Gand 2D Raman bands of graphene, respectively. As the heating temperature
exceeds a threshold temperature (1040 K for graphene/SiO, and 640 K for graphene/Si3N4), buckling
ridges are observed in graphene after the thermal cycle, from which the biaxial buckling strain of
graphene on SiO, and SizNj substrates are obtained as 0.21% and 0.22%, respectively. Importantly,
the induced buckling ridges in graphene exhibit a pattern representing the symmetry of graphene
crystal structure, which indicates that graphene relieves the compressive stress mainly along its lattice
symmetry directions. These thermally induced graphene ridges are also found reminiscent of those
in the synthesized graphene, suggesting the same origin of formation of the buckling ridges under

biaxial compression.

Introduction

Graphene has shown great promise for a broad range
of applications including flexible and stretchable
electronics [1, 2], composite materials [3, 4], and
nanoelectromechanical systems [5, 6]. In general, it
has been known that strain can dramatically influence
electronic, mechanical, optical and other properties
of monolayer graphene [7-10]. For example,
strain in graphene can lead to bandgap opening
[11, 12], zero-field quantum Hall effect [13, 14],
topological phases [15, 16], pseudo-magnetic field
[17, 18], etc. In particular, biaxial stain in graphene
can enhance the electron—phonon coupling [19],
leading to superconductivity [19, 20]. For most
applications, graphene is deposited on substrates (or
in matrices). Because graphene is ultra-thin with an

extremely high surface-to-volume ratio, like all two-
dimensional materials, its morphology and properties
are susceptible to the substrates. For example, when
graphene-based devices undergo temperature cycles,
strain (or stress) in graphene can arise as a result of
the difference in coefficient of thermal expansion
(CTE) between graphene and substrates. It is of
important relevance to understand how such a strain
can modulate the morphology and properties of
graphene, thus affect performances and reliability of
the graphene-based devices.

In spite of recent advances, two important issues
related to strain in graphene remain unclear—Grii-
neisen parameter and compressive strain induced
buckling ridges. Previously reported values of Grii-
neisen parameter of graphene—a fundamental physi-
cal parameter—exhibited large discrepancy [21, 22]
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Figure 1. Schematic of the induced strain in graphene by the heating-cooling cycle. (a) Thermal expansion of substrate and
contraction of graphene during heating. The black arrows designate the thermal strains in graphene and substrate. The red arrows
designate the mechanical strain in graphene exerted by the substrate due to their CTE mismatch. (b) No strain is induced in
graphene by the heating-cooling cycle for Ty < Ts. (¢) For Ty > T, the cycling induces compressive strain (red arrow) in graphene.
(d) Schematic of how the mechanical strain in graphene € changes with the mismatch of thermal strain € during a heating-
cooling cycle. Note that e /—the final strain in graphene after the cycle—is compressive (negative).
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and there is no commonly accepted value to date [23].
Moreover, most studies were carried out under uniax-
ial strain, not biaxial strain, which is pertinent to most
applications where graphene is placed on a substrate.
Most of the reported studies on the compression
behavior of graphene were limited to measuring the
Raman spectrum of graphene under uniaxial strain
(e.g. loaded by a flexible substrate) [24-27]. It has
been reported that buckling ridges can be generated
when the compressive strain exceeds a certain thresh-
old [26]. Nevertheless, few studies have investigated
the morphology of the buckling ridges, especially the
ridge network formed under biaxial compression [28].
Interestingly, similar ridge networks are commonly
seen in graphene synthesized by chemical vapor depo-
sition (CVD) [29,30] or epitaxial growth method [31].

Here we report a simple and robust method to
introduce well-controlled equi-biaxial compres-
sive strain in monolayer graphene on a substrate via
thermal cycling in vacuum. A perfectly equi-biaxial
strain is introduced in graphene due to the mismatch
in CTE between graphene and the substrate and the
sliding of graphene on the substrate. When the heat-
ing temperature is relatively low, no compressive strain
is applied in graphene after the temperature cycle (i.e.
back to room temperature). When the heating temper-
ature exceeds a threshold temperature, beyond which
graphene slides on the substrate, compressive strain
arises. As the heating temperature further increases
above a second threshold temperature, buckling ridge
defects are generated in graphene at room temper-
ature. Raman spectroscopy was employed to measure
the biaxial strain in graphene, from which the biaxial

Griineisen parameter was reliably measured. In gen-
eral, the Raman shift of graphene under strain depends
on both the hydrostatic and shear components of the
applied strain through the Griineisen parameter and
the shear deformation potential, respectively. There-
fore, the perfectly equi-biaxial strain is very favorable
in measurement of Griineisen parameter due to its
capability to avoid the shear effect. Importantly, the
buckling ridges in graphene were found to occur in
a pattern following the symmetry of graphene crys-
tal structure, which agreed well with our molecular
dynamics (MD) simulations. Furthermore, these ther-
mally-induced buckling ridges were found reminis-
cent of those in graphene synthesized by the CVD and
SiC sublimation methods, suggesting the same origin
of formation of the buckling ridges.

Results and discussion

Temperature-cycling-induced biaxial strain in
graphene

Monolayer graphene flakes were prepared by
mechanical exfoliation [26, 32] on the Si-based
substrate (SiO, or Si3Ny) with dimensions of the
flakes at tens of micrometers (e.g. 20 x 30 um?). The
samples were then subjected to a heating-cooling cycle
(i.e. from room temperature to a heating temperature
Ty then back to room temperature). The strain in a
graphene flake due to the CTE mismatch between
graphene and substrate is depicted in figure 1(a)
schematically. Because the CTE of substrate is positive
while that of graphene is negative in the temperature
range under study, it can be seen that the substrate
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Figure2. (a) Raman spectra of graphene on SiO; after the heating-cooling cycle at various heating temperature Ty. Both Gand

2D peaks blue shiftas Ty > 390K. (b) Raman G and 2D peak positions change with heating temperature Ty for graphene/SiO, and
graphene/Si;Ny, respectively. (c) The final compressive strain in graphene after the cycle e  for each heating temperature Ty (d)
The measured Raman G and 2D peak positions versus the final compressive strain in graphene e ¢ (Ty ). The solid symbols represent
graphene/SiO, samples (fitting in solid lines); the open symbols represent graphene/SizN, samples (fitting in dash lines). All the four
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expands whereas the graphene flake contracts during
heating (see black arrows in figure 1(a)). Hence an
additional mechanical strain (tensile in this case) is
exerted on the graphene flake by the substrate through
the van der Waals (vdW) interaction between them
(see red arrows in figure 1(a)). During the cooling
process back to room temperature, the tensile strain in
the graphene flake decreases.

After the heating-cooling cycle, it was found that
if the heating temperature Ty was relatively low, no
strain in the graphene flake was observed according to
the Raman spectrum. However, if the heating temper-
ature Ty exceeded a threshold temperature T, a net
compressive strain was observed in the graphene flake.
The cycling-induced net strains in the graphene flake
for the two cases with Ty < Tsand Ty > Tsare shown
in figures 1(b) and (c), respectively.

The above observations can be accounted for
by whether onset of graphene sliding occurs during
the heating-cooling cycle. It is known that graphene
adheres to SiO, and SizN, substrates via vdW interac-
tion [33-35]. During heating, a tensile strain is loaded
in the graphene flake by the substrate, which increases
with the heating temperature. As Ty is lower than Ty,

the vdW interaction is able to hold the graphene flake
in place (i.e. no sliding). Note that Ty is called the slid-
ing temperature for the rest of the paper. During cool-
ing to room temperature, the tensile strain in the gra-
phene flake decreases to zero as the thermal strains in
both graphene and substrate decrease to zero. As Ty
exceeds T, the vdW interaction is unable to hold the
graphene flake any longer and hence the graphene flake
starts to slide relative to the substrate. During cooling
to room temperature, the tensile strain in the graphene
flake decreases all the way and becomes compressive
strain eventually. Sliding of graphene on various sub-
strates such as SiO, [36, 37] and polyethylene tereph-
thalate (PET) [26] under strain has been reported, by
either heating the graphene/substrate [38] or stretch-
ing the substrate [39, 40]. Our experiment shows gra-
phene will slide on SiO, or Si3Ny substrate under an
equi-biaxial strain, as heating temperature exceeds the
threshold temperature Ts.

Figure 1(d) schematically shows how the mechani-
cal strain in the graphene flake ¢ varies with the mis-
match thermal strain e)—the strain produced solely
by the CTE difference between graphene and sub-
strate. Note that here £ is at the center of the graphene
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flake. One can see that for Ty < T (no sliding), during
heating e¢ = €, indicating the tensile strain induced
by the CTE mismatch, €y, is completely transferred
to the graphene flake from the substrate; during cool-
ing, £ decreases to zero following the same path as
that during heating. For Ty > Ty (after sliding), the
graphene strain € remains constant during heat-
ing; during cooling, e decreases at the same slope as
em> and when gy reaches zero (back to room temper-
ature), €¢ becomes negative (compressive strain).
According to the linear relationship in figure 1(d),
the final strain in graphene after the cycle, ¢ 5, would
be egr = em (Ts) — ep (Ty). Strictly speaking, the
strain evolution in the graphene flake during the heat-
ing-cooling cycle follows a nonlinear relationship [26],
which would require knowledge of the graphene-sub-
strate interface mechanical property. The linear rela-
tionship is, however, a reasonable approximation.

It is known that the positions of Raman G and 2D
peaks of monolayer graphene blue (red) shift if gra-
pheneisunderthecompressive (tensile) strain [22,41].
To date Raman spectroscopy has become a major
method to probe and measure the strain in graphene
[42, 43]. In order to characterize quantitatively the
strain of graphene in our experiment, Raman spectr-
oscopy was performed at the center of each graphene
flake for graphene/SiO, and graphene/Si3Ny. It should
be emphasized that the Raman measurement was at
room temperature, after each heating-cooling cycle.
The measured Raman G and 2D spectra of graphene
on SiO, substrate corresponding to various heating
temperature Ty are depicted in figure 2(a). For gra-
phene/SiO,, the G and 2D spectra at Ty = 380K are
the same as those at Ty = 390 K, while blue shifts of
the two spectra commence at Ty > 390K, indicat-
ing the sliding temperature TSSiOZ =390 K for gra-
phene/SiO,. The sliding temperature for graphene/
SizNy, TgiSN", was measured to be 360K. The G and
2D peak positions (obtained from the Lorentzian fit-
ting) as functions of the heating temperature Ty for
graphene/SiO, and graphene/Si3Ny4 are plotted in
figure 2(b), respectively. Interestingly, the positions
of the G and 2D peaks show linear relationships with
the final compressive strain £ r in the graphene flake
after each temperature cycle for both graphene/SiO,
and graphene/Si3Ny, as shown in figure 2(d). Again
ecr = em (Ts) — em (Ty). The linear relationships
here indicate that the linear approximation as shown
in figure 1(d) is appropriate. It’s worth noting that
the Raman G peak in figure 2(a) does not split as the
applied strain increases (the heating temperature gets
higher). This is because the applied strain is equi-
biaxial. Splitting of the G peak is caused by breaking
of graphene symmetry, which lifts the double degen-
eracy of the G band [44, 45]. As a result, the splitting
happens only under uniaxial strain where a shear
component exists, but not under the equi-biaxial
strain.

T Jiangetal

Biaxial Griineisen parameter of graphene

Because the compressive strain egr induced in
graphene by the heating-cooling cycle is originated by
CTE mismatch between graphene and substrate, e r
can be calculated as:

egr = em(Ts) —em (Tn)

=[5 (0 (T) = Ogra (T)) AT = [ (0tsun(T) — atgea(T)) AT

= [1" (0 (T) = Qg (T)) dT

(1)

where Tr =295K is room temperature, Ts is the
sliding temperature, Ty is the heating temperature
(T > Ts), and oy, (T) and oy (T) are CTEs as
functions of temperature for graphene and substrate
(Si0; or SizNy) respectively [46—48]. It is worth noting
that because the calculated strain in graphene e is
produced by the mismatch of CTE between graphene
and substrate through the graphene-substrate
interaction (i.e. interfacial shear stress transfer
between graphene and substrate [26,27]), here it needs
to use the CTE of free-standing graphene [36, 49], not
the CTE of graphene prepared on substrate [50,51],in
which the effect of graphene-substrate interaction has
been included. By measuring the sliding temperature
Ts for graphene/SiO, and graphene/SisNy, the final
compressive strain in graphene after the cycle egr
for each heating temperature can be calculated
using equation (1). The obtained g as a function
of heating temperature Ty for graphene/SiO, and
graphene/SizNy are plotted in figure 2(c), in which
the compressive strain increase with the increase of
heating temperature for both graphene/SiO, and
graphene/SizNy, as expected. Of course equation (1)
applies when Ty is higher than Ts—when T} is lower
than Ty, the strain in the graphene after cooling is zero.
As shown by the CTEs of graphene [46], SiO;, [47]
and Si3N, [48] (see figure S2(a) in supplementary
material (stacks.iop.org/TDM/6/015026/mmedia)),
Ogrg (T) < 0 but Qasio, (T) > 0 and QlSisN, (T) > 0in
the range of working temperature, henceegr < 0.

The linear relationship shown in figure 2(d) agrees
well with reports from others [41, 42]. The linear fit-
ting in figure 2(d) yields, for the equi-biaxial strain, the
peak position shift rate A tobe A3? = 64.1 cm~! /%,
ASNG = 62,5 cm™! /%, AS5* = 171.8 cm ™! /%, and
AN =169.9 cm™! /%, where A3, X354 A1 and
)\gigN“ represent shift rates of G peak for SiO,, G peak
for Si3Ny, 2D peak for SiO,, and 2D peak for SizN4 sub-
strate, respectively. It can be seen that the measured
values of G and 2D peak shift rates are very close for
graphene/SiO, and graphene/SizNy samples (varia-
tion <2.5%), indicating that the shift rates are inde-
pendent of the substrate.

Correlating the measured Raman peak shift rate
and the calculated compressive strain in graphene eg,r
allows us to obtain biaxial Griineisen parameter for
both Raman G and 2D spectra of monolayer graphene.
Griineisen parameter 7y, a measure of crystal lattice
anharmonicity, can be expressed as follows [21,22]:
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Figure 3. AFM images of monolayer graphene on SiO; (a) before and (b) after the heating-cooling cycle with Ty = 1050 K. AFM
images of graphene on Si3Ny (c) before and (d) after heating-cooling cycle with Ty = 650 K. (e) and (f) Depict ridges on graphene
synthesized on Niby CVD [52] and synthesized on SiC by SiC sublimation [53], respectively.
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Figure4. (a) AFM image of the buckling ridges generated on graphene/SiO, by the heating-cooling cycle. Angle ¢ designates the
angle subtended between two ridges. (b) Histogram of the subtended angles between ridges in graphene/SiO, and graphene/SisNy
respectively. In both cases, the subtended angle of 120° is most probable.
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v = Aw/2ewy = A/2wy (2)

where Aw is the Raman frequency shift, € is the
strain, wy is the unstrained Raman frequency, and
A = Aw/e is the shift rate. As a fundamental physical
quantity, Griineisen parameter directly relates the
phonon vibration of a crystal to its macroscopic
thermal properties such as CTE and determines the
thermodynamic properties. Therefore an accurate
measurement of graphene Griineisen parameter is of
great significance for both scientific and technological
interests. Compared to the previous measurements of
Griineisen parameter which showed large discrepancy

[21-23], the measurement of Griineisen parameter
in our experiment was robust and could yield a value
with high accuracy. This is due to the fact that unlike
the uniaxial strain, the measurement of Griineisen
parameter under biaxial strain avoids the shear
effect during the measurement, and is independent
of Poisson ratio and not affected by the relative
anisotropic shifts of Dirac cones [24, 45].

Based on equations (1) and (2), the biaxial Grii-
neisen parameter v of monolayer graphene was cal-

culated as fyéioz = 2.0, véi3N4 =1.9, stzig)z =3.2,

35N — 3.1, for the G and 2D bands of graphene on
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SiO, and SizNy substrates, respectively. It can be seen
thatthe Griineisen parameter values obtained using the
graphene/SiO, and graphene/SisN, samples are very
close, independent of the substrates used, as expected.
Hence v = 1.95 £ 0.05 and 7,p = 3.15 £ 0.05 for
the G and 2D bands of graphene, respectively. This
shows that our method for measuring biaxial Grii-
neisen parameter of monolayer graphene is robust.
Moreover, our experimental results agree well with the
theoretical values of the biaxial Griineisen parameters
of graphene calculated from first principles [45,46].

Biaxial compressive buckling strain of graphene

In the case of Ty > T, compressive strain is generated
in graphene and the strain increases with the increase
of heating temperature Ty (figure 2(c)). As Ty rises
further, beyond a second threshold temperature Ty
(>Ts), the compressive strain in graphene might
exceed the buckling strain of monolayer graphene,
giving rise to the formation of buckling ridges.
Figure 3 shows experimental observation of the ridges.
Figures 3(a) and (b) show atomic force microscopy
(AFM) images of a graphene flake on SiO; before and
after the heating-cooling cycle with Ty = 1050K.
Figures 3(c) and (d) display AFM images of a graphene
flake on SizNy with Ty = 650 K. The second threshold
temperature T was measured to be T5°? = 1040K
for graphene/SiO, and Ty*™ = 640K for graphene/
SizNy. Substituting Ty = Tp into equation (1),
the compressive buckling strains of monolayer

graphene were obtained as ejoi. . = 0.21% and

Elsﬁtgc;ing =0.22% for SiO, and Si3N; substrates,
respectively.

Also shown in figure 3 are AFM images of graphene
synthesized via CVD method [52] (figure 3(e)) and

epitaxial graphene on SiC synthesized via SiC subli-

mation [53] (figure 3(f)). It can be seen that the ridges
in the synthesized graphene are virtually the same as
those induced in graphene by the heating-cooling
cycle. Note that during graphene synthesis via either
CVD [29, 30, 52] or SiC sublimation method [31, 53],
there is a cooling process from high temperature to
room temperature, giving rise to compressive strain
in the synthesized graphene. As the compressive strain
exceeds the graphene buckling strain, buckling ridges
are generated. The cooling process is similar to that in
our experiments. By introducing buckling ridges in
graphene using the heating-cooling cycle, our experi-
ments can shed light on the mechanism of ridge for-
mation in graphene synthesized by CVD [29,30,52] or
SiC sublimation method [31,53].

Ridge network in graphene

The induced buckling ridges were found to form
a ridge network in graphene, as shown in the high-
magnification AFM images (figure 4(a)). Angle
0 in figure 4(a) designates the angle subtended
by two connecting ridges. Distributions of all the
subtended angles were obtained for graphene/SiO,
and graphene/SisNy respectively, as exhibited in
the histograms in figure 4(b). Importantly, it was
observed that for both SiO, and Si;N, substrates
the most probable subtended angle is equal to 120°,
which turns out to be the highest symmetry angle
of the hexagonal lattice of monolayer graphene.
This implies that the crystal structure of monolayer
graphene plays a key role in how the buckling ridges
are formed. In other words, the compressive strain
energy in graphene is relieved primarily following
the symmetry directions of the graphene crystal
structure. MD simulations were carried out to further
understand this observation. Figure 5 shows the MD
simulation results. It can be seen that the angles
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subtended by the adjacent ridges are predominantly
120° (figure 5(b)), indicating that ridges formed in
this configuration are most favorable in terms of
the energy. The secondary most favorable peak is
at 60°, which could be attributed to the symmetry
of the graphene layer and the fact that 60° is the
supplementary angle to 120°. The angle distribution
from the MD simulations appears more continuous
than that from the experiments. It might be because
the simulations generate more angle data and have a
much higher resolution of angles than that accessible
in the experiments. The favorable angle of 120° agrees
well with the reported simulation results [28].

Conclusions

In conclusion, we systematically studied the
mechanical behavior of monolayer graphene under
equi-biaxial compressive strain, by thermally cycling
graphene/SiO, and graphene/SizN, samples with
a variety of heating temperatures in vacuum. At
low heating temperature, graphene was perfectly
bonded to substrate, leading to no strain in the
graphene upon cooling to room temperature. At
high heating temperature (above the first threshold
temperature Ts), graphene slid on the substrate,
which led to compressive strain in the graphene upon
cooling to room temperature. The biaxial Griineisen
parameter was determined to be vy = 1.95 £+ 0.05
and vp = 3.15 + 0.05 for G and 2D Raman bands
of graphene, respectively, regardless of the substrate.
When the heating temperatures was above the second
threshold temperature Tp, buckling ridge network
was induced in graphene by the thermal cycle,
with the compressive buckling strain of 0.21% and
0.22%, respectively, for graphene on SiO, and Si;Ny
substrates. Both the experiments and MD simulations
showed that the buckling ridges were generated in a
pattern based on the lattice symmetry of monolayer
graphene, with the favorable subtended angle of
120° between the buckling ridges. In addition, the
thermal cycling induced graphene ridges were
found reminiscent to those in graphene synthesized
by CVD or SiC sublimation method, suggesting
they have the same origin of formation. Our results
obtained from both SiO, and Si3N, substrates agreed
very well, confirming the robustness of our method
for introducing equi-biaxial compressive stress,
measuring Griineisen parameter and generating
buckling ridge networks. The direct measurements of
the biaxial compressive strain and induced buckling
ridges for graphene on Si-based substrates could
provide valuable insight into the graphene-substrate
interaction, as well as design guidelines for a variety
of graphene applications. This method could be
extended to studying the compression behaviors of
other 2D materials such as hexagonal boron nitride
(BN) and transition metal dichalcogenides (e.g.
MOS2).

T Jiangetal

Methods

Experimental section
Monolayer graphene was deposited on SiO,/Si
(300 nm SiO,) and Si3N,4/Si (300 nm SizNy) substrates
by the mechanical exfoliation method [26, 32].
Monolayer graphene flakes were first identified using
optical microscopy, followed by AFM characterization
of thickness (Park System XE-100) [54] and Raman
spectroscopy (HORIBA LabRAM HR800) [55] to
confirm they are monolayer. AFM images of graphene
samples were acquired using non-contact AFM mode.
While measuring the strain in graphene, Raman
spectroscopy was performed at the center of each
graphene flake with a laser wavelength of 532 nm.
Immediately following the characterization, gra-
phene samples were transferred into a vacuum cham-
ber (1078 Torr base pressure) where it was subjected to
the thermal cycling. For each cycle, the samples were
heated to a heating temperature Ty and then cooled
down back to room temperature (295K). The heat-
ing temperature Ty was increased by an increment
of 15K between two consecutive cycles. Following
each cycle, graphene sample was examined by Raman
spectroscopy to measure its strain, and by AFM imag-
ing to detect any ridge formation in it. To precisely
measure the first and second threshold temperatures
Ts (for onset of graphene sliding) and Tj (for forma-
tion of buckling ridges) respectively, when Raman
shift started or buckling ridges appeared in graphene
at certain heating temperature, more heating temper-
atures were applied with gradually decreasing temper-
ature steps to finally determine the T or T within the
temperature range of £2K.

MD simulations

MD simulations were conducted using LAMMPS
[56] to examine the buckling ridge configurations
of the graphene/substrate systems under biaxial
compression. The crystal structure parameters of
graphene, SiO,, and SizN4 were adopted from the
literature [57-59]. The interatomic interactions
within graphene, SiO, and SisN, substrates were
characterized using the Tersoff potential [60-64],
while the interactions between graphene and the
substrates were modeled with Lennard—Jones (LJ)
potential [65]. For all simulations, the lateral (x-y
plane) domain sizes of the graphene and substrates
were ~50 X 50nm? the substrates were ~1.5nm
thick, and separated from graphene by a distance of
2A, similar to that in previous studies of the substrate-
supported graphene [66] and silicene [67]. The 2A-
thick layer of the substrate at the bottom was fixed.
A strain of 1% was generated in the graphene layer
by fixing its four sides. The boundary conditions in
the x and y directions were set free, while that in the
z direction was set periodic. The MD time step was
0.5 fs. The equilibrium temperature and pressure
of the system were 295K and 0 bar, respectively.
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In each simulation, the material system was first
equilibrated as an isothermal-isobaric ensemble with
the Nose—Hoover thermostat and barostat [68, 69],
and then simulated as a microcanonical ensemble
for data production. The average atomic positions
from the last 5 ps were considered as the stable forms
of the buckling ridges, and were subsequently used
to examine the ridge configurations and calculate
the angles subtended by the neighboring ridges. To
minimize the statistical uncertainty, 40 independent
simulations were carried out with different initial
velocity distributions for both the graphene/SiO,
and graphene/SizNy systems. More details about the
MD simulations can be found in the supplementary
material.
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