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A B S T R A C T

Two-dimensional (2D) layers like graphene are subject to long-wavelength fluctuations that

manifest themselves as strong height fluctuations (ripples). In order to control the ripples,

their relationship with external strain needs to be established. We therefore perform

molecular dynamics (MD) of suspended graphene, by the use of a newly developed force

field model (MMP) that we prove to be extremely accurate for both C Diamond and Gra-

phene. The MMP potential successfully reproduces the energy of the r-bonds in both sp3

and sp2 configuration. Our MD simulations and experimental electron microscopy analysis

reveal that ordered and static ripples form spontaneously as a direct response to external

pressure. Furthermore the morphology of graphene and strain response of the crystal

bonds differ depending on the particular directions where external pressure is present. Dif-

ferent regions of the strained graphene sheet are then investigated by tight-binding. Loca-

lised bandgap opening is reported for specific strain combinations, which also results in

particular signatures in the phonon spectrum. Such controllable morphological changes

can therefore provide a means to practically control and tune the electronic and transport

properties of graphene for applications as optoelectronic and nanoelectromechanical

devices.

� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

For many years the atomistic empirical potential treatment in

molecular dynamics (MD) has provided the only viable alter-

native to computationally expensive ab initio methods [1].

Though many empirical methods [2–5] were initially
developed for 3D bulk semiconductor crystals, in recent years

much work has gone into generating force fields [6–11] cap-

able of accurately describing the essential features of nanos-

tructures and 2D crystal structures such as graphene [12].

Graphene is experimentally observed to exhibit height

variations (ripples) [13–15] in response to external
sed in this
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perturbations. Such perturbations can be caused by long

range fluctuations [13], impurities adhering to the surface

[16] or interaction with the substrate [17] and it affects the

physical characteristics of graphene [18–20]. Therefore the

study of the morphology of graphene sheets under non ide-

alised conditions and its impact on vibrational properties,

electronic structure and transport characteristics can provide

useful and practical strategies to create bespoke functionali-

ties [21,22]. It has been suggested that by reversing the

strain–ripple formation relationship, vibrational or pressure

sensors can be engineered [23].

In order to reveal the strain–ripple formation mechanism,

in this work we use MD simulations with a recently proposed

interatomic many-body empirical potential (MMP potential)

[24,25] which has been extensively tested for Group IV

Silicon and Germanium semiconductors. The MMP potential

overcomes the classic shortcomings observed [3,26] in short

range pair potentials, i.e. the impossibility of obtaining a sat-

isfactory representation of elastic and vibrational properties

with a single set of parameters. This adversely impacts on

the ability to model thermodynamic properties such as the

coefficient of thermal expansion.

In this work we continue using the MMP for carbon based

crystals. Further to satisfying the criteria of correctly and

simultaneously predicting vibrational and elastic properties

of diamond, we will illustrate how the same parameter set

is also able to correctly predict the essential features of other

crystal phases such as graphene.

The MMP potential is used here to predict ripple formation

in suspended graphene sheets. We will show how two types

of ripples form in response to strain. The first is a wave front

ripple orthogonal to the strain front if external strain is

applied along a single direction. The second is a sinusoidal

shape which emerges if the external strain is applied simulta-

neously along two orthogonal directions. In both cases ripples

form in order to relax the external strain, although ripples are

never fully relaxed and in fact exhibit a different strain com-

ponent (shear) to the ones externally applied, together with

internal relaxation i.e. breaking of the hexagonal symmetry

into two sublattices. Such types of strain are useful as they

result in modification of the bandgap around the Dirac point,

where unstrained graphene exhibits a zero bandgap and is

therefore metallic in nature. When ripples form instead, we

show that Tight Binding calculations predict a significant

bandgap opening in the proximity of the Dirac point, where

graphene would thus exhibit semiconducting rather than its

usual metallic behaviour. We have also analysed the vibra-

tional spectrum in the semiconducting regions and we report

that particular signatures in the measured phonons can be

uniquely associated with the presence of a bandgap.

2. Modelling

2.1. C-Diamond

Compared to the other commonly used semiconductor

materials of group IV, tetrahedrally bonded C-Diamond has

distinctive mechanical properties: a small lattice constant, a

very large negative cohesive energy and large elastic moduli
[27]. Furthermore the large elastic constants, which are due

to the very strong carbon–carbon dimer bonds, are also

indicative of a strong tendency to resist any crystal distor-

tions. Using a large data set of mechanical and vibrational

properties we have obtained a parameter set for the MMP

potential.

For a detailed comparison between other measured/calcu-

lated mechanical properties, phonon frequencies, Grüneisen

parameters of C-Diamond (together with a comparison

between different crystal phases) and the MMP simulated val-

ues see Tables S1–S4 in Supplementary Material (SM).

The calculated vibrational spectrum of diamond is given in

Fig. 1(A) and is compared to experimental data. The disper-

sion curves of diamond have distinct characteristics when

compared to the other sp3 bonded materials. For instance

the Transverse Acoustic (TA) phonons do not present the

characteristic flat band in the proximity of the X point of

the Brillouin zone, which is present in both Si and Ge and is

usually assumed to originate from long range forces. A fur-

ther feature of the phonon spectrum is the experimentally

observed [28–31] and theoretically predicted [32] ‘‘overbend-

ing’’ of the Longitudinal Optical (LO) branches, e.g. a maxi-

mum of the dispersion between the U and X points. The LO

overbending, not observed in other group IV materials, is a

signature of the importance of long range forces between sec-

ond nearest neighbours (nn00) in describing the crystal dynam-

ics [31]. The nn00 interactions, even if only partially included in

the MMP potential, are sufficient to correctly reproduce both

the LO overbending in all three directions of the wave vector,

the parabolicity of the TA at the high symmetry point X and

the large splitting between the LO and TO phonons between

the U and X points, as shown in Fig. 1(A).

Other potentials [4–7] have been proposed that consider

interactions up to the fifth neighbours. However, even with

such long range forces, overbending and parabolicity are still

incorrectly reproduced and the LO/TO splitting is absent.

2.2. Graphene

We have used the MMP potential (with exactly the same

parameters of the diamond phase) to evaluate the structural

and vibrational properties of graphene (see Tables S5 and S6

in SM). The measured phonon dispersion of graphene

(Fig. 1(B)) is very similar to that of graphite, where two or

more graphene planes are weakly interacting. Hence, the

main difference between the phonon spectra arises from

the out-of-plane vibrations. Near the central C point of the

Brillouin zone, the out-of-plane acoustic modes (ZA) of gra-

phite exhibit a distinct split which is not present in graphene.

In Fig. 1(B) we compare the experimental and simulated

(using the MMP potential) data. Overall the simulated curves

match the measurements very well, though the characteristic

overbending optical branches is not as well reproduced as in

diamond. However the split between LO and TO near the C

point is evident. Such a difference in phonon frequencies is

not observed when using other empirical potentials [6,7].

The out-of-plane branches, ZA and ZO, are all in excellent

agreement with the experimental data. For a comparison of

the vibrational spectrum of graphene predicted by the MMP



Fig. 1 – Predicted phonon dispersion curves. (A) C-Diamond and (B) Graphene calculated with the MMP potential.

Experimental data are represented by open circles in C-Diamond [28–31] and Graphene [33,34]. The MMP potential, with a

single set of parameters fitted to the C-Diamond phase also accurately reproduces the vibrational spectrum of 2D Graphene,

indicating that p-bonding, which is not included in the MMP separately form r-bonding, is sufficiently well described in the

force field equations. (A colour version of this figure can be viewed online.)

268 C A R B O N 9 1 ( 2 0 1 5 ) 2 6 6 – 2 7 4
potential and the most commonly used empirical models

(LCBOPII [11], Lindsay-Broido [9], AIREBO [5]) see Fig. S1 in SM.

2.2.1. Ripple formation in graphene
Using MD we investigated ripple formation of the graphene

sheet under different strain conditions to include tensile

and compressive pressures. We considered both hydrostatic

strain and along the ZigZag/Armchair directions, to which

we will refer respectively as x and y since such is the align-

ment of our model structure in respect of the Cartesian

axes.

The MD simulations, comprising around 4000 atoms, start

from an atomically flat single graphene sheet. Pressure is

simulated by rigidly displacing the atoms on the xy plane

and taking the resulting increase/decrease of the simulation

box into account. The initial structure is therefore a strained

graphene sheet, energy minimisation then takes place (see

Video V1 in SM) to relax the atomic structure. The initial small

movement of the atoms is soon replaced by larger move-

ments and ultimately a visible change in the morphology of

the overall structure. Eventually ripples spontaneously form

and exhibit a regular pattern.

In this work we concentrate on two types of strain. Firstly,

compressive strain in the x direction of 3.5% together with

tensile strain in the y direction of 3.5% (Fig. 2), and secondly,

compressive strain of 3.5% in both the x and y directions

(Fig. 3).

In the first case, static and wave front ripples orthogonal to

the x direction are formed with around 5 Å height or depres-

sion for hills and troughs respectively. The expected wave-

length of the ripples is around 10 nm (one ripple every

10 nm). In the second case a more complex morphology is

observed. Ripples appear in a regular pattern, sinusoidal in

nature, with fluctuation again of around 5 Å height or depres-

sion for hills and troughs respectively. The expected wave-

length of the ripples is again around 10 nm. Such peculiar

sinusoidal shape is a direct response to hydrostatic
compressive pressure and can be thought of as resulting from

two colliding wave fronts orthogonal to each other.

We have carried out simulations of several other graphene

sheets of different dimensions (both larger and smaller) and

the formation of ripples on a critical 10 nm wavelength

results to be independent from the size of the structure.

The morphology of the ripples (wavelength and heights) is

strictly related to the initially induced stress.

Scanning Tunneling Microscopy imaging has reported rip-

ples in suspended graphene with a characteristic V-shape

which matches the result of our simulation [35], suggesting

that hydrostatic pressure was present in the experimental

sample. Similar ripple combinations have been recently

reported in other studies [10,36,37], while other work suggests

that ripples are an intrinsic feature of graphene [38,39].

2.2.2. Strain
We analysed the distortion of the atomic bonds on the ripples.

In Figs. 2 and 3 bonds are coloured from red to blue to repre-

sent tensile to compressive strain, compared to the equilib-

rium bond length of a flat graphene sheet (LC/
ffiffiffi

3
p

= 1.43 Å).

Green indicates low (or zero) strain.

It is clear from the inset in Figs. 2 and 3 that a non-uniform

strain distribution is predicted, the presence of which has

been experimentally observed by Raman spectroscopy map-

ping of strain effects on a graphene sheet deposited on a flex-

ible substrate [40]. Different other peculiar properties of

graphene have been revealed by Raman spectroscopy, which

has become an essential characterisation tool for investigat-

ing graphene [41].

We can explain the non-direct correspondence between

ripples and stress with a loss of hexagonal symmetry in gra-

phene, which produces the 2D equivalent of the Kleinman

displacement for a 3D diamond structure (e.g. the rigid dis-

placement of the two fcc sublattices with respect to each

other in a diamond structure), a hypothesis already proposed

by Davydov [42]. In the sp3 tetrahedral bonding, when uniaxial



Fig. 2 – Free standing 10 · 10 nm graphene sheet with PBC under 3.5% compressive strain along x and 3.5% tensile strain

along y. Colours in (C) indicate extended (red) or compressed (blue) bonds. The bandstructure (A) at the Dirac points, as

calculated by tight binding, predicts a bandgap of 0.22 eV at the K 0 point of the Brillouin zone. Non hydrostatic strain (e.g.

shear or internal displacement) makes the K and K 0, M and M 0 points no longer degenerate. The phonon dispersion (B) is also

substantially changed compared to the unstrained case. (A colour version of this figure can be viewed online.)
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shear strain exists, the central atom relaxes causing the com-

pression of one bond and the stretching of the other 3 bonds.

What we observe in the insets of Figs. 2 and 3 is an equivalent

behaviour for the sp2 triangular bonding system. We have ver-

ified that such non uniformity is a function of the applied

external pressure, albeit as a threshold activated process only

for strains larger than 0.7 ± 0.1%. Based on experimental

observations, Young et al. [43] suggested that the strain

threshold is 0.6%, in excellent agreement with our model

data. A further non intuitive observation is that while in the

wave front ripple stretched and compressed bonds coexist

throughout the sheet, strain switches from predominantly

tensile to compressive along the ridge of the ripple (Fig. 3)

which intuitively provides localised graphene areas (nanos-

tructures) adjacent to each other but with very different

strain and hence induced changes to the band structure as

we will show in the following sections.

3. Electron microscopy

Experimentally ripples in suspended graphene can be indi-

rectly observed by Electron Microscopy, which also allows to

estimate their heights through focus changes in the high res-

olution electron microscopy (HREM) images. Furthermore,
during the sample preparation for the microscopy (cleaning

and transfer of the graphene sheet over holey grids, hydrocar-

bon contaminations, etc.) ripples can be involuntarily

induced.

The non-flatness of the graphene sheet can be observed as

colour differences in the HREM images. These can be related

to physical heights which correspond to undulations with

wavelengths of typically around 10 nm and amplitude up to

5 Å, identical to the height/depression predicted in our simu-

lations (Figs. 2 and 3). In this way it is common to observe the

wave front type ripples (see Fig. S2 in SM). However, this

requires corrected scanning transmission electron micro-

scopes with very small distances over which to achieve focus

changes.

Another method is to apply a precise and narrow band-

width filter to the Fast Fourier Transform (FFT) [44] (i.e. the

computationally derived electron diffraction pattern) of a

high resolution lattice image. In our case a ring filter corre-

sponding to a width, in real space, of 0.002 Å was applied to

high resolution electron microscopy phase contrast images

obtained in a Jeol ARM200F transmission electron micro-

scope. The filter radius was changed corresponding to frac-

tions of Å, down to steps of 0.002 Å around the diffraction

spot maxima. The shortening of the graphene a-lattice



Fig. 3 – Free standing 10 · 10 nm graphene sheet with PBC under 3.5% hydrostatic compressive strain. Colours in (C) indicate

extended (red) or compressed (blue) bonds. The bandstructure (A) at the Dirac points as calculated by tight binding predicts a

bandgap of 0.19 eV at the K point of the Brillouin zone in the regions of tensile (red) strain. Non hydrostatic strain (e.g. shear

or internal displacement) makes the K and K 0, M and M0 points no longer degenerate. The phonon dispersion (B) is however

not substantially changed compared to the unstrained case. Regions of compressive (blue) or low (to zero) strain (green) in (C)

do not exhibit a bandgap (D) or changes in the phonon spectrum (E) compared to the unstrained case. However for

compressive (blue) strain (D) the Dirac point lies below the Fermi energy by 65 meV thus exhibiting spontaneous n-doping

behaviour. (A colour version of this figure can be viewed online.)
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spacing (observed in-plane lattice constant) arising from lat-

tice projections of undulated regions is of the order of

0.002–0.005 Å, so colour images in Fig. 4(C–J) represent

top/bottom and flanks of undulations in focus. Note that

the brighter colours (yellow/orange) indicate higher intensity

in places where the chosen/filtered-out lattice spacing is most

clearly seen in the images, whereas less pronounced intensity

(blurring, blue hues) can be seen in places where the lattice
spacings are not precisely congruent with the filter frequency.

Note also that, in order to demonstrate the undulation effects,

it is less important to identify the exact position of hills and

troughs in the images, than to demonstrate the change in col-

our in a given location from yellow to blue with change of the

corresponding filter frequency; this colour change is proof of

the change in the projected lattice plane distance arising

due to, in the Fig. 4, ripples of �0.2 nm height/depth. Lattice



Fig. 4 – Electron Microscopy Images of a ripple surrounded by Hydrocarbon contamination. (A) HREM phase contrast image of

single layer graphene obtained in a Jeol ARM 200F TEM. (B) FFT of the HREM image. (C–J) Inverse Fast Fourier Transform (IFFT)

imaging with filters chosen to either match the exact a-plane spacing (unstrained, flat regions or regions under tension, (C–F))

or spacings smaller than those of the a-planes (unstrained, inclined regions or regions under compression, (G–J)). By

comparing the orange regions in (C–J) one can assign the flanks of the hill (or trough) of the ripple. In (A) we also show the

determined outline of the ripple and the presumed strain direction (blue arrows) originating from the hydrocarbon

contamination. (A colour version of this figure can be viewed online.)
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plane distances can also change due to compressive/tensile

strain, and hence the overall effect has a twofold origin.

However, it is possible, to a large extent, to identify and sep-

arate the two origins by studying IFFTs of individual sets of

lattice planes as shown in Fig. 4. All lattice spacings of planes,
which have directions with a component parallel to the ripple

front will show some contraction at the ripple flank due to the

projection. On the other hand, if regions where lattice planes

cross a curved ripple front/flank perpendicularly show high

filter passes (e.g. in Fig. 4(G)), this indicates compressive
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strain. Also, if regions with lattice plane spacings larger than

the a-plane spacing are detected, this implies tensile strain in

these areas. Hence combining data of the filtered intensity

and the direction in which the corresponding lattice planes

cross the ripple front/flank can provide information, further

to the mere existence and shape of ripples and their shape,

about tension/compression within this shape.

Fig. 4(C–J) shows the hill, through and flank of a ripple,

which is a mixture of wave front and sinusoidal type. The

flank direction is indicated in the high resolution electron

microscopy (HREM) image. This suggests, in accordance with

our simulated results, that the hydrocarbon contaminants,

visible in the micrograph as surface platelets, result in a uni-

axial strain, in this case, predominantly in the (xy)-direction.

The ripple is observed to curve at the bottom left of the image,

which introduces tensile strain (bottom left of Fig. 4(E)) as

well as compressive strain (bottom left of Fig. 4(G and H))

along the ‘bend’, again, in accordance with our strain calcula-

tion for the sinusoidal ripple (Fig. 3). The blue colouration

along the wave front (straight) part in Fig. 4(C) and Fig. 4(G)

as well as in the combined-effect image in Fig. 4(F), arises

from the projection shortening of the inclined bonds. From

this analysis one can conclude that both uniaxial strain and

hydrostatic strain are introduced by the hydrocarbons and

their respective directions can be inferred by the resulting

shape of the ripples (blue arrows in Fig. 4(A)).

4. Bandstructure and vibrational spectrum

In Figs. 2 and 3 we show the tight binding calculated band-

structure in the proximity of the Dirac point for particular

areas (unit cells) of the graphene sheet (for the entire

Brillouin zone calculated bandstructure see Fig. S3 in SM).

The red lines are compared to the unstrained case (black

lines). Non hydrostatic strain (e.g. shear or internal displace-

ment) introduces non equivalencies in the high symmetry

points, so that the K and M points are no longer degenerate

and both the band structure and phonon dispersions need

to be described with the addition of the K 0 and M 0 points.

Significant shear strain induced bandgap opening has

been both predicted [45,46], measured [47,48] and also deliber-

ately introduced as result of patterned hydrogenation [49].

For both types of ripples the bandgap opens. The opening

is of 0.22 eV (0.11 eV) near the K 0 (K) point for the wave front

ripple and 0.19 eV (0.09 eV) at the K (K 0) point for the sinu-

soidal ripple, albeit in this case only in the regions with pre-

dominantly tensile strain. In the compressive strain regions

the bandgap opening is negligible and the only difference

compared to the unstrained case is that the Dirac point is

found below the Fermi energy by 65 meV, thus exhibiting

strain activated spontaneous n-doping characteristics.

Increasing the induced strain beyond 6% (we have per-

formed simulations with different stress combinations,

from 0.5% to 15% strain) of the suspended graphene sheet

does not substantially affect the bandgap or the semicon-

ducting regions. The 3.5% strain combinations represent a

trade-off between bandgap opening and density of semi-

conducting regions, while matching as well with our TEM

observations.
It is also noticeable that for the wave front ripple the pho-

non dispersion is very different compared to the unstrained

case, with a distinct change in the density of states (DOS)

for the optical phonon modes. This is not observed in the

sinusoidal ripples where the DOS remains similar to that of

unstrained graphene (black line).

5. Conclusions

The use of a state-of-the-art empirical force field in atomistic

modelling of covalently bonded materials was tested for the

2D crystal graphene. Despite the fact that the potential is

deliberately designed to replicate the properties of 3D C-

Diamond, the accurate physical description of the atomic

interactions is entirely transferred to the 2D case of graphene.

We have used the MMP force field to calculate both vibrational

properties and performing molecular dynamics of ripple

formation.

The calculation of phonon dispersions and bandstructure

was used here for two external strain combinations. Though

direct modelling of Raman spectra would go beyond the scope

of this work, the method presented here clearly provides a

route to do so and hence extract quantitative information

directly from spectroscopic results on graphene.

The molecular dynamics simulation of graphene have

highlighted two major types of ripples: wave front and sinu-

soidal. We support examples and strain patterns of both types

of ripples by Transmission Electron Microscopy.

Ripples appear to arise in the presence of compressive

strain in a single direction orthogonal to the wave front, or

hydrostatic compression for the sinusoidal type. This sug-

gests that manipulating strain on the surface of graphene

can lead to control of the type of generated ripple.

The wavefront ripple leads to an appreciable bandgap

opening of 0.22 eV and a simultaneous detectable change in

the phonon dispersion.

The sinusoidal case presents the most interesting strain

pattern. Tensile and compressive strain is found on the oppo-

site sides of the V-shape. Compressive and tensile strain

results in opposite types of bandstructures. The tensile strain

region is the only one that exhibits a bandgap opening of

around 0.19 eV (Fig. 3(A and B)), whereas the compressive

region shows spontaneous n-doping characteristics (Fig. 3(D

and E)). The surface of graphene therefore results in a

sequence of doped and undoped semiconducting/metallic

regions of nanoscale dimension, in close proximity to each

other, and obtainable on demand by application of hydro-

static compression. Our experimental electron microscopy

shows how e.g. hydrocarbon impurities can produce the

required strain and therefore could be exploited to design

desired strain patterns.

The predicted link between strain, bandgap opening and

phonon frequencies provides a new possibility for exploita-

tion of graphene as an electronic material by virtue of control

of the metallic/semiconducting transport characteristic in

proximity of the ripples.

Furthermore, inducing controllable strain on a graphene

sheet, by means of processing contaminants or deposition

of regular metallic patterns, could generate ripples with
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n-doped regions. This can be exploited to support current

generation as a result of externally applied mechanical defor-

mation, which could lead to the realisation of graphene based

pressure sensor or nanoelectromechanical machines like

nanogenerators.

6. Methods

The parameterization and validation of the MMP potential

[24,25] for diamond and graphene was performed using in

house software, comprising a true random number genera-

tor based parameter search routine and using the dynami-

cal matrix approach with analytic first and second order

derivatives of the force field for the calculation of phonon

dispersions. The molecular dynamics was performed on

an ad hoc modified version of the IMDTM software [50].

The simulations start with a flat graphene sheet with a lat-

tice constant expanded or reduced by a certain amount of

strain and all the atoms are allowed to move along the

three coordinate axes. We applied periodic boundary condi-

tions on the xy plane only and no initial velocity or pres-

sure is applied to stimulate or control the out-of-plane

motions. A constant volume, constant energy ensemble

integrator, starting from a zero temperature with 0.005 time

step was used.

The experimental data was collected using an advanced

transmission electron microscope with very precise control

over the focus by variations of the crispness of high resolution

lattice images. If the top of a ripple is in focus, the flanks and

troughs will be increasingly out-of-focus. Such difference

manifests itself in contrast changes. We make use of atomic

resolution images obtained in a JEOL ARM200F FEG-

STEM/TEM microscope, equipped with CEOS hexapole probe

and image corrector operating at 80 kV and a Gatan SC1000

ORIUSTM CCD camera and high angle annular dark field

(HAADF), obtained either in a probe and image corrected

Jeol ARM transmission electron microscope, a dedicated

probe corrected scanning transmission electron microscope

(STEM) or a Nion UltraSTEM (for an example see Fig. S2).

Bandstructure calculations were performed using the

nextnano software [51]. We modified the Tight Binding rou-

tine to generalise to both a 2 · 2 strain tensor but also for

the presence of internal displacement. We used the general

Tight Binding implementation that includes 3rd nearest

neighbours, together with the parameters credited to

R. Scholtz (currently at the Technical University of Dresden).
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