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We present a combined experimental-theoretical study of graphene folding on flat substrates. The

structure and deformation of the folded graphene sheet are experimentally characterized by atomic

force microscopy. The local graphene folding behaviors are interpreted based on nonlinear contin-

uum mechanics modeling and molecular dynamics simulations. Our study on self-folding of a tri-

layer graphene sheet reports a bending stiffness of about 6:57 eV, which is about four times the

reported values for monolayer graphene. Our results reveal that an intriguing free sliding phenom-

enon occurs at the interlayer van der Waals interfaces during the graphene folding process. This

work demonstrates that it is a plausible venue to quantify the bending stiffness of graphene based

on its self-folding conformation on flat substrates. The findings reported in this work are useful to a

better understanding of the mechanical properties of graphene and in the pursuit of its applications.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898760]

I. INTRODUCTION

Graphene is a type of emerging two-dimensional nano-

structure with extraordinary mechanical and electrical proper-

ties,1,2 and has been investigated for a number of

applications, such as nanoelectronics, sensors, and compo-

sites.3–5 Due to its ultra-thin characteristics, graphene can

easily fold under external stimuli such as mechanical forces.6

Self-folding and self-collapse behaviors of graphene have

also been reported.7–9 Understanding the mechanical defor-

mation in folded graphene is of importance to explore its

electronics application because the local deformation of gra-

phene has a substantial influence on its electrical proper-

ties.10,11 Graphene folding is also an essential process in

manufacturing graphene origami, a programmable nanoscale

building block.9,12–14 From a structural perspective, the con-

formation of a self-folded graphene sheet results from a com-

petition between its bending rigidity and adhesion

interactions. Because graphene possesses a high Young’s

modulus, there is little or no in-plane stretching deformation

in folded graphene. Therefore, it is a possible venue to quan-

tify the pure bending stiffness of graphene through measuring

its folding conformation. It is noted that the bending stiffness

of graphene was previously investigated using electrostatic

bending methods,15 in which doubly clamped graphene

sheets were pulled down by electrostatic forces. The bending

stiffness of graphene obtained by using this method is inevita-

bly influenced by its in-plane stretching effect, which could

dwarf its bending effect even under a modest deflection.

The possible approach of quantifying the bending stiffness

of graphene based on its self-folding behavior requires a com-

plete understanding of the graphene self-folding mechanism, in

particular, the role of the graphene bending stiffness in its fold-

ing conformation. As a sophisticated nanoscale physical

phenomenon, graphene folding behaviors have been previously

investigated using a variety of experimental and theoretical

techniques. High resolution atomic force microscopy (AFM)11

and transmission electron microscopy (TEM)7 have been

employed in the study of graphene folding on flat substrates or

in suspended conditions. These high resolution imaging techni-

ques enable measurements of the structural and folding config-

urations of graphene with nm or sub-nm spatial solutions. The

self-folding behavior of mono- and multi-layer graphene sheets

have been also investigated using both continuum mechanics

(CM) and molecular dynamics (MD) simulation techniques.8,16

These theoretical studies provide useful insights on their local

folding behaviors, some of which may not be readily obtain-

able in experimental measurements (e.g., graphene local fold-

ing curvatures). Therefore, combined experimental and

theoretical investigations are essential to a complete elucidation

of the nanoscale graphene self-folding mechanism. However,

such combined experimental-theoretical studies of graphene

folding behaviors remain sparse in the literature. In this paper,

we present a study of graphene self-folding behaviors by using

AFM in conjunction with nonlinear CM modeling and MD

simulations. The study focuses on the local folding behavior of

few-layer graphene sheets and their bending rigidities, and pro-

vides insights into the interlayer interaction during the graphene

folding process. To the best of our knowledge, this work is the

first attempt of quantifying the bending rigidity of graphene

based on experimental measurements and theoretical modeling

and simulations of its self-folding conformations.

II. RESULTS AND DISCUSSION

A. Atomic force microscopy characterization of self-
folded graphene

Graphene flakes employed in this study were obtained

through mechanically exfoliating highly ordered pyrolytic

graphite (HOPG) films,2 and were subsequently transferred
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to a flat silicon oxide (SiO2) substrate. Some of the graphene

sheets were found to be in folded or partially folded confor-

mations. Figure 1(a) shows an AFM image of a partially

folded graphene sheet that is of particular interest. The AFM

measurements were performed inside an XE-70 AFM from

Park Systems that operates at a tapping mode with a silicon

AFM tip (Vista Probe, nominal tip radius �10 nm). It can be

clearly seen from the AFM topography image that a portion

of the graphene sheet (�100 nm in width) was torn and

flipped on top of the flat segment on the substrate. The white

dashed lines in Figure 1(a) mark the presumably original

edge positions of the flipped graphene segment. The tearing

of the graphene sheet occurred along almost a straight line.

Therefore, the lower edge of the flipped graphene segment is

most likely along either the armchair or zigzag orientation

because these are the two preferred orientations in the crack

propagation in graphene.17

To reveal the structure (e.g., the thickness and the num-

ber of layers) and the local folding deformation, we plot the

respective AFM line profiles of the folded and the non-

folded graphene segments along the blue and the red dashed

lines marked in Figure 1(a), respectively. Figure 1(b) shows

the AFM line profile of the folded graphene segment, which

displays a couple of steps and one hump that corresponds to

the folding edge. The lower step, whose height is measured

to be about 1.56 nm, represents the height of the flat non-

folded graphene segment on the substrate. This is also con-

firmed by the line profile of the non-folded segment shown

in Figure 1(c). The upper step height shown in Figure 1(b)

represents the thickness of the flipped graphene segment and

is measured to be about 1.07 nm above the bottom segment.

It is noted that the measured height of a graphene sheet on a

flat substrate is reportedly higher than its actual thickness.

For instance, the theoretical thickness of monolayer gra-

phene is about 0.34 nm. However, its AFM-measured height

is reported to be within the range of 0.5–1.0 nm.18,19 Similar

phenomena were also reported on multilayer graphene.20

The discrepancy between the actual thickness of graphene

FIG. 1. (a) AFM image of one partially

folded graphene sheet on a flat silicon

oxide substrate. The white dashed lines

mark the presumably original edge

positions of the flipped graphene seg-

ment. (b) AFM line profile of the

folded graphene along the blue dashed

line shown in (a); the inset shows a

zoom-in view of the folding edge with

a “hump” height. (c) AFM line profile

of the flat non-folded graphene seg-

ment along the red dashed line shown

in (a).
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and its measured height may be attributed to a few factors,

such as the surface roughness of the substrate, the free ampli-

tude of the AFM cantilever, and the change in the tip-sample

interaction when the AFM tip scans over the sample sur-

face.21 Therefore, the measured graphene height on the sub-

strate does not inform directly its actual thickness and

number of layers. However, the step height in the folded gra-

phene region can be considered as a more reliable value of

the graphene thickness.22 The measured upper step height of

1.07 nm is close to the theoretical thickness value 1.02 nm of

a trilayer graphene sheet. Therefore, it is concluded that the

partially folded sheet shown in Figure 1(a) is a trilayer gra-

phene. The analysis also indicates that a gap of about 0.5 nm

exists between the bottom surface of the graphene and the

supporting substrate.

It is of importance to point out that the surface rough-

nesses of both the graphene and the supporting substrate are

important factors in the graphene thickness measurement.

The roughness of the graphene sheet is measured to be

1.35 Å based on the calculated root-mean-square (rms) value

of its scanning profile, while the roughness of the substrate is

measured to be 1.49 Å. The results show that the graphene is

slightly smoother than the SiO2 substrate, indicating that the

graphene sheet conforms closely to the underlying SiO2 sub-

strate.23,24 The intrinsic ripple effect in graphene due to its

thermal instability also has an influence on its surface rough-

ness. However, the ripple effect is more prominent in mono-

layer graphene due to its ultra-low bending rigidity, and in

free-standing graphene due to the fact that the substrate

reportedly suppresses the ripple effect in supported graphene

sheets.23–25 Our measurement data are consistent with the

previously reported findings that the corrugation properties

of graphene are mainly contributed by the roughness of the

underlying substrate.26,27 The thickness of the folded gra-

phene shown in Figure 1 and its rms value is calculated to be

1.07 6 0.19 nm by taking into account its surface roughness

in the flat adhered region. It is noted that the thickness range

is higher than the thickness of bilayer graphene (0.68 nm),

while smaller than that of quadrilayer graphene (1.36 nm).

Therefore, the conclusion of a trilayer graphene for the tested

sample shown in Figure 1 remains valid with the considera-

tion of the graphene surface roughness.

The height of the folding edge (i.e., the hump shown in

the inset of Figure 1(b)) and its rms value is measured to be

5.7 6 1.35 Å with respect to the top surface of the folded gra-

phene segment. The folding conformation of graphene on a

flat substrate depends on a few factors such as its folding

length, thickness, bending rigidity, adhesion with the sub-

strate as well as the adhesion in the flat adhered region. For

graphene with multiple layers, its bending rigidity is depend-

ent not only on its thickness, but also on the interlayer inter-

actions. If we consider a trilayer graphene as a laminated

structure that is composed of three identical sheets, its bend-

ing rigidity, based on classical continuum mechanics theory,

can vary from 3 times that of individual sheets if all the

neighboring sheets can slide freely with respect to each

other, to 27 times if all the sheets are perfectly bonded and

no interlayer sliding is allowed. Below we interpret the ex-

perimental measurements on self-folding of trilayer graphene

using a nonlinear CM model based on beam theory and MD

simulations.

B. Continuum mechanics modeling

Figure 2(a) shows the schematic diagram of a self-

folded graphene sheet on a flat substrate. The red curve

represents the middle-plane of the folded graphene, which

consists of a curved region of a length L and a flat region of

a length L0. The total length of the folded graphene is

Ltot¼Lþ L0. The graphene adheres within the flat region

due to van der Waals (vdW) interactions. The equilibrium

distance between the parallel, adhered region of the folded

graphene is denoted as d. The curved region is formed due to

the resistance to bending of the graphene, and is divided into

four segments by five points, A, B, C, D, and E, as shown in

Figure 2(a). Points A, C, D, and E represent the respective

boundaries in the deformation curve, while point B is the

inflection point that is of zero curvature. The equilibrium

equations of the folded sheet are given as8

dM

ds
þ V ¼ 0;

dV

ds
þ N

dh
ds
¼ 0;

dN

ds
� V

dh
ds
¼ 0; (1)

where h is the rotation angle; s is the arc length measured

from point A; M, V, and N are the bending moment, shear

force, and normal force within the sheet, respectively. It is

noted that M¼ k�j¼ k(dh/ds), in which k is the bending

FIG. 2. (a) Schematic illustation of a self-folded graphene on a flat substrate.

(b) The predicted folding profile of a trilayer graphene with a bending stiff-

ness of 6.57 eV using the continuum mechanics model given by Eq. (1). The

total length of the folded graphene Ltot¼ 13.0 nm. The dashed line represents

the middle-plane of each graphene layer.

164301-3 Chen et al. J. Appl. Phys. 116, 164301 (2014)
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stiffness per unit length of the graphene sheet and j¼ dh/ds
is its bending curvature. Positions A (y¼ d/2, h¼ 0) and E

(y¼�d/2, h¼�p) are two delamination fronts, and their re-

spective bending curvatures are given as jA¼ (2Ug/k)1/2 at

position A and jE¼ (2Us/k)1/2 at position E,28,29in which Ug

is the adhesion energy per unit area in the flat adhered

region, and Us is the adhesion energy per unit area between

the graphene sheet and the substrate. The exact bending cur-

vature of the folded sheet can be obtained through solving

Eq. (1) with the aforementioned boundary conditions. It is

noted that Eq. (1) can only provide solutions of equilibrium

in self-folding of graphene, while its stability will be deter-

mined through an energy analysis.

The graphene folding configuration is largely determined

by the competition between the adhesion over the flat adhered

region and the bending over the curved region. The adhesion

interaction tends to fold the graphene sheet, while the bend-

ing energy provides resistance against folding. We define the

flat graphene as the ground energy state, and the total energy

of the folded graphene is calculated as Utot¼Ubend – DE,

where Ubend is the bending energy stored in the curved por-

tion and DE is the adhesion energy in the flat adhered region.

A stable folding state occurs when the adhesion energy DE
exceeds the required bending deformation energy Ubend; that

is, Utot< 0. For a short graphene, the adhesion energy may be

too small to balance the bending energy (i.e., Utot> 0).

Therefore, the equilibrium self-folding states of graphene are

energetically unstable. A long graphene leads to Utot< 0, and

the equilibrium self-folding states become energetically sta-

ble. Therefore, there exists a critical threshold length of the

graphene sheet Lc, above which the folding configuration is

stable. For Ltot< Lc, the graphene sheet is stable only when it

stays in a flat configuration. Similar approaches have been

employed in the investigation of suspended self-folded car-

bon nanotubes30 and graphene.8,16 The bending energy in the

folded sheet is given by Ubend ¼
Ð L

0
k
2
j2ds, while DE¼UgL0

reflects the adhesion energy of the flat adhered region. The

critical threshold graphene length for a stable folding state

can be derived from Ubend¼DE.

We analyze the folded graphene shown in Figure 1(a)

using the above-mentioned CM model. The equilibrium dis-

tance between two parallel trilayer graphene d¼ 1.02 nm is

employed in the CM modeling. The adhesion energy between

trilayer graphene and SiO2 substrates is reported to be within

0.275–0.4 J/m2 in the literature,31 and the middle value of the

reported range Us¼ 0.338 J/m2 is adopted in the analysis. The

adhesion energy between two parallel monolayer graphene is

reported to be 1.45 eV/nm2 or 0.232 J/m2.32,33 It is noted that

the vdW interactions between non-contacting graphene layers

also contribute to the adhesion interaction, and follow a

power function of the interlayer distance with an exponent of

�4.34 For trilayer graphene, Ug is calculated to be 0.267 J/m2.

The bending stiffness of the folded graphene sheet can be

obtained through fitting the predicted hump height to the

measured value. The critical threshold length for a stable

self-folding configuration of trilayer graphene on SiO2 sub-

strates is obtained as Lc¼ 13.0 nm with a length of the curved

region L¼ 4.96 nm. Figure 2(b) shows the predicted deforma-

tional profile of a self-folded trilayer graphene with a total

length Ltot¼Lc by using the above-mentioned theoretical

model with a fitting bending stiffness of 6:57 eV. The

middle-plane of the folded graphene has a bending curvature

of 0.71/nm at point A and 0.80/nm at point E. The bending

stiffness of the trilayer graphene is found to be within the

range of 5.9–7.4 eV by taking into acount the measurement

error in the graphne folding hump.

Figure 3 shows the dependence of the total system energy

Utot on the total length Ltot for a self-folded trilayer graphene.

The plot can be divided into three regimes that correspond to

different self-folding states of trilayer graphene. For the total

length Ltot< 4.96 nm, there is no equlibrium solution for

Eq. (1). Therefore, the graphene with a length shorter than

4.96 nm cannot be self-folded and stay in equilibrium. The

graphene can only stay in an equilibrium and stable state in

flat configurations. For 4.96 nm<Ltot< 13 nm (red line

region), the unique self-folding configuration can be obtained.

However, the bending energy exceeds the ahesion energy, i.e.,

Utot> 0. The equilibrium self-folding state is energetically

unstable. For Ltot> 13.0 nm (blue line region), the system

energy Utot is less than zero and the equilibrium self-folding

state is energetically stable. It is noted that ab initio predic-

tions of the bending stiffness of monolayer graphene is

reported to be within 1.4–1.6 eV.35,36 Therefore, the bending

stiffness of trilayer graphene obtained from our experimental

measurements is approximately four times the values reported

for monolayer graphene. Our results about the bending stiff-

ness of trilayer graphene suggest that relatively free interlayer

sliding occurs in the trilayer graphene during its folding pro-

cess, which can be ascribed to the weak interlayer vdW inter-

action in graphene. Our observation is consistent with a prior

report that a graphene sheet can move relatively freely on top

of another graphene sheet on a flat substrate.37 The results of

the relatively low bending rigidity also indicate that there is

no constraint to the free ends of the folded graphene segment,

and relative slides shall occur between the free ends of

FIG. 3. The dependence of the total system energy Utot of a self-folded tri-

layer graphene on a flat SiO2 substrate on the total length of the folded gra-

phene Ltot. The plot is divided into three regimes corresponding to different

graphene self-folding states. The red dot indicates the smallest length of gra-

phene that can stay in an equilibrium self-folding state. The blue dot indi-

cates the critical total length of graphene that can stay in an equilibrium and

energetically stable self-folding state. The blue curve represents the equilib-

rium and energetically stable self-folding state of graphene.

164301-4 Chen et al. J. Appl. Phys. 116, 164301 (2014)
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neighboring layers. Assuming that the bending rigidity of gra-

phene sheets is linearly appropriate to its number of layers,

our analysis yields a value of 2:1960:2 eV as the bending

stiffness of monolayer graphene. Prior studies on the bending

stiffness of graphene with fixed-fixed ends using electrostatic

bending techniques report values of 7.1 eV for monolayer gra-

phene and 126 eV for trilayer graphene.15 It is likely that these

reported values are greatly enhanced by the stretching effect

in graphene. By assuming that all the graphene layers have

the same and intact length during the folding process, the de-

formation profiles of each layer in the folded trilayer graphene

are calculated and displayed in Figure 2(b). Our results show

that there is a horizontal slide of about 1.07 nm between the

free ends of the neighboring graphene layers.

C. Molecular dynamics simulations

We perform MD simulations to gain more insights into

graphene folding at an atomistic level. In the MD simulation,

we adopt the adaptive intermolecular reactive empirical

bond order (AIREBO) potential.38 It should be noted that

this potential is best suited for systems containing only

hydrogen and carbon atoms,8,39,40 which makes it accessible

for all-carbon systems. 12–6 Lennard-Jones potential is

adopted to describe the vdW interactions based on the

Lorentz-Berhelot mixing rule. To terminate the unphysical

high bond force arising from improper cut-off functions, we

set the cut-off distance as 8 Å. Periodic boundary conditions

are also applied in the simulation. The conjugate gradient

algorithm is employed to perform the energy minimization

until the ratio between the total energy change between two

successive iterations and the energy magnitude is less than

or equal to 10�8. NVT (the abbreviations of particles (N),

system volume (V), and temperature (T)) ensemble simula-

tions with a constant temperature 300 K are carried out based

on the Berendsen thermostat.41

Figure 4(a) shows the self-folded conformation of a tri-

layer graphene sheet with a dimension of 30 nm� 21 nm on

a silicon substrate of 1.02 nm in thickness. All graphene

layers are set up in zigzag orientations. The left end of the

graphene sheet that is marked in red is fixed, while the other

end marked in blue is tethered to fold the graphene. The teth-

ered end first moves vertically along the y-axis until reaching

a height of 2.85 nm with a velocity of 0.03 nm per 0.05 ps

(i.e., 0.6 nm/ps), and then travels a horizontal distance of

27.5 nm with the same velocity along the negative x-axis.

The system is relaxed in a short time period of 0.05ps after

each step in the tethered end moves to make sure that the me-

chanical folding process reaches a steady state. After the me-

chanical folding process is completed, the whole system is

relaxed for quite a long time (about 100 ps) and undergoes a

self-folding and adjusting process. Figure 4(b) depicts the

height profile of each layer in the folded trilayer graphene on

the silicon substrate. The height of the folding edge is found

to be about 9.6 Å. Figure 4(b) also shows the predicted fold-

ing profiles (black curves) using the CM model given by Eq.

(1) with a fitting bending stiffness of 7.4 eV, which displays

an excellent agreement with the MD simulation results for

all three layers. It is noted that a value of 0.151 J/m2 is

employed as the adhesion energy between graphene sheets

and silicon substrates in the MD simulations.42 The bending

stiffness of trilayer graphene from MD simulations (7.4 eV)

is consistent with the value obtained based on the experimen-

tal measurements (5.9–7.4 eV). It is noted that the ripple

effect in graphene is size-dependent43 and is not prominent

in our MD results due to the small graphene size employed

in the simulations. The values of the relative interlayer slides

at the free graphene ends are also obtained. MD simulations

predict that the free-end of the outer-layer graphene slides

about 0.91 nm with respect to that of the middle-layer gra-

phene, while a slide distance of 1.01 nm between the middle-

and the inner-layer graphene sheets. Both values are close to

the CM results, which are found to be 1.07 nm for both the

two interlayer slides. The good agreements between the CM

modeling and the MD simulation results clearly demonstrate

that the self-folding behavior of graphene can be well

described using the nonlinear CM model.

III. CONCLUSION

In summary, we investigate the local self-folding behav-

ior of graphene on flat substrates by using AFM in conjunc-

tion with nonlinear CM modeling and MD simulations. Our

study reveals that the bending stiffness of trilayer graphene

is about four times the reported values for monolayer gra-

phene. The analysis suggests an intriguing free sliding

FIG. 4. (a) The predicted conformation of a self-folded trilayer graphene on

a silicon substrate using MD simulations. (b) Deformation profile of each

graphene layer (middle-plane) in a folded trilayer graphene on the substrate.

The dots represent the MD results, while the solid curves represent the

results obtained using the continuum mechanics model given by Eq. (1).

164301-5 Chen et al. J. Appl. Phys. 116, 164301 (2014)
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phenomenon occurs between two neighboring graphene

layers in the global graphene folding process. The study

demonstrates that it is a plausible venue to qualify the pure

bending stiffness of graphene through measuring its self-

folding conformation on flat substrates. This work is useful

in better understanding the structural and mechanical proper-

ties of graphene and in the pursuit of its applications, in par-

ticular, as programmable nanoscale origami structures.
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