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Abstract: The buckling behavior of graphene on soft films has been extensively studied. However,
to avoid graphene fracture, most studies focus only on the primary buckling behavior induced by
tiny compression. Here, the buckling behavior of monolayer, three-layer, and four-layer graphene on
soft films is systematically studied in the experiment under large compression. The cross-sections of
buckling patterns in these few-layer graphenes are provided, which depend on focused ion beam
(FIB) technology. More significantly, the moduli of few-layer graphene are calculated based on the
buckling behavior. We demonstrate that the modulus, 1.12621 TPa, is independent of the number of
graphene layers if the number is less than four. Our investigations are crucial for the application of
two-dimensional (2D) materials into flexible hybrid electronics, bionics, and various other stiff/soft
bilayer systems.
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1. Introduction

Graphene is the most popular 2D material in the last two decades [1,2]. Meanwhile,
graphene [3], molybdenum disulfide [4], and other 2D materials are also candidates for
flexible hybrid electronics due to their ultrathin nature and unique electrical conductivity [5].
Flexible hybrid electrons are mainly composed of a flexible substrate layer and a solid
conductive membrane [5,6], i.e., stiff/soft bilayer film. The flexible layer can expand
and shrink at will, and the solid membrane responds to the external compression and
tension with buckling deformation, so as to avoid fracture and maintain conductivity.
Therefore, the buckling behavior of bilayer systems of 2D materials and soft substrate
films has attracted a lot of attention in recent years [7–15]. However, due to the fragile
properties of 2D materials, experimental studies of their buckling behaviors were limited
to the cases caused by small mechanical stretching or compression [16,17]. Here, through
the combination of mechanical exfoliation and wetting transfer, we transferred few-layer
graphene to polydimethylsiloxane (PDMS) films with excellent flexibility. The buckling
behaviors of few-layer graphene on PDMS films were then systematically investigated
under a very large stretching treatment. Meanwhile, based on the buckling behavior, we
calculated the moduli of the few-layer graphene.

2. Materials and Methods

PDMS Film Fabrication. PDMS films were fabricated as in references [18,19]. The
polydimethylsiloxane (PDMS) was blended with the curing agent (catalyst) in a 10:1 mass
ratio, purchased from Dow Corning, Midland, TX, USA. The trichloro (1H, 1H, 2H, 2H-
perfluorooctyl) silane (JKChemical, Shanghai, China) was coated on the surface of a Si wafer
to decrease its surface adhesion energy. The mixture was then cast onto the Si wafer and
spun using a spin coater (KW-4A, SETCAS Electronics Co., Beijing, China). The thickness
of the mixture layer can be controlled depending on the rotating speed of the coater and
time of the spin treatment. Most spin treatments were performed with a rotating speed of
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1700 rpm and time of 10 s, which corresponds to a mixture layer with a thickness of about
100 µm. To eliminate air bubbles, the spun mixture was placed in a vacuum chamber with
a pressure of less than 10−4 Pa for 20 min. Finally, the mixture layer was baked for 1 h at
80 ◦C in a vacuum drying oven, followed by curing at 35 ◦C for 8 h.

Graphene/PDMS Bilayer Preparation. The few-layer graphene was prepared by
mechanical exfoliation. The transfer process of the graphene will be discussed in detail in
the experimental section.

Buckling Pattern Cross-Section Preparation. The wrinkle cross-section of few-layer
graphene was prepared using focused ion beam (FIB) technology. Fixing the amount
of stretching, the wrinkle pattern of the few-layer graphene on the PDMS film can be
maintained. To ensure that the entire surface of the sample had good conductivity in
the subsequent treatment, the thermal evaporation method was adopted to evaporate
and deposit Au atoms onto the surface of the sample. The sample was then placed into
the vacuum chamber of the focused ion beam equipment. The platinum (Pt) film with a
thickness of about 500 nm was deposited on the target region. Finally, the cross-sections of
the buckling patterns was milled and captured through FIB [20]. For a more detailed mill
process, please see ref. [20].

3. Results
3.1. Transfer Few-Layer Graphene onto PDMS Film

Mechanical exfoliation was used to prepare the few-layer graphene, as reported
in previous works [1,21] (Figure 1a). The lower panel of Figure 1a shows few-layer
graphene prepared on a silicon (Si) wafer, in which the area of monolayer graphene
reaches 20 µm * 140 µm. After this, we spun polymethyl methacrylate (PMMA) to cover
the graphene entirely (Figure 1b). The wafer was then placed in a mixture of 5%–10%
hydrofluoric acid and ethanol with a volume ratio of 1:1 (Figure 1c), entering the etching
process of SiO2 on the surface of the Si wafer. After a few minutes, SiO2 was completely
etched, and graphene bonded PMMA film (graphene/PMMA) floated on the surface of
the solution. Next, we directly picked up the graphene/PDMS and made sure that the
graphene was facing up (Figure 1d). The PDMS solution was then spun and coated on the
graphene/PMMA surface (Figure 1e). Subsequently, the PMMA was etched with acetone
after the PDMS solidified into a film (Figure 1f). Finally, the bilayer of graphene membrane
and PDMS film (graphene/PDMS) was prepared and could be picked up directly from the
solution (Figure 1g).
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microscopy image showing the few-layer graphene on the Si wafer. (b) Spinning PMMA solution 
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Figure 1. Schematical illustration of the process of transferring graphene to PDMS film. (a) Top
panel, mechanical exfoliation, fabrication of few-layer graphene on Si wafer. Lower panel, optical
microscopy image showing the few-layer graphene on the Si wafer. (b) Spinning PMMA solution on
the graphene/Si wafer. (c) Etching SiO2 from the Si wafer using a mixture of 5%–10% hydrofluoric
acid and ethanol. (d) Graphene/PMMA bilayer. (e) Spinning PDMS solution on the graphene/PMMA
bilayer. (f) Etching PMMA using acetone solution. (g) Graphene/PDMS bilayer.
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It should be mentioned that the thickness of the PDMS film was controlled at about
100 µm, and the acetone etching of the PMMA film was done in two steps. First, the sample
was immersed in acetone for 10 min. After this, the solution was extracted, a fresh acetone
solution was injected, and the sample was immersed again for another 10 min. At this
point, the edge of the PDMS film may warp and further induce the crimp of the whole film.
Optical microscopy analysis showed that PMMA did not disappear completely, that is, the
sandwich structure of PDMS film, graphene membrane, and localized PMMA film still
exists. The reason for the crimp was that the elastic modulus of PMMA is not consistent
with that of PDMS (Table 1). Thus, the crimp indicates that the PMMA is not completely
cleared. In the second step, the sample was again placed in acetone for 20 min. Following
this, the PMMA film was completely removed, and the PDMS film then no longer crimped,
regardless of pick-up or other operations.

Table 1. Elastic properties of the three films.

Film Young’s Modulus (GPa) Poisson’s Ratio

PDMS 0.0018 0.48
PMMA 2 0.3

Graphene [11] 1000 0.165

3.2. Buckling Behavior of Few-Layer Graphene on PDMS Film (Graphene/PDMS)

After the transfer, the graphene/PDMS was stretched as a whole at 10 percent, as
shown in the top panel of Figure 2a. Compared to the image of graphene on the Si wafer
(lower panel of Figure 2a), the graphene on the PDMS film is fractured in the transverse
direction (top panel of Figure 2a), confirming the existence of tension in graphene in
the vertical direction. The enlarged image of the graphene surface shows that buckling
deformation did occur. For example, Figure 2b shows the buckling phenomena in three-
layer graphene. To achieve better experimental characterization, we prepared cross-sections
of the buckling patterns using FIB technology (see Materials and Methods). The wrinkle-
like profile of the cross-section indicates that the wrinkles do appear in the three-layer
graphene (Figure 2c), but these wrinkles lack uniformity. Figure 2d is an enlarged image of
another localized region in Figure 1a, which provides the buckling pattern of monolayer
graphene. Further enlarging the image (lower panel of Figure 2d), we can find three
wrinkles of the monolayer graphene, marked by several line segments, although they
are very slight. The FIB image (Figure 2e) provides further evidence for the existence
of the three wrinkles. These results together suggest that the buckling behavior of few-
layer graphene on soft substrates can be well stimulated and maintained through directly
stretching or compressing the bilayers of graphene membranes and soft films, even though
the mechanical operation has a high percentage of stretching or compression.

3.3. Calculation of Young’s Modulus for Graphene with Different Layers

The surface perimeter of a wrinkle can be accurately captured based on its cross-
section. Figure 3a shows the statistical results of the surface perimeter of wrinkles in
few-layer graphene, which are 89.9 ± 4.38406 nm, 282.36 ± 32.88028 nm, and 405.5 ± 43 nm
in monolayer, three-layer, and four-layer graphene, respectively. The very large standard
deviations of the surface perimeter in two and four-layer graphene are attributed to the
significant inhomogeneity of the wrinkling profile in these two graphene membranes, as
shown in Figure S1. Even so, the surface perimeter of the wrinkles is shown to increase
monotonically with the thickness of the graphene membrane, tm, corresponding to the
number of graphene layers.
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Figure 2. Experimental results on the buckling behavior of few-layer graphene. (a) Top panel,
scanning electron microscopy (SEM) image showing a bilayer of graphene/PDMS with mechanical
stretching of 10%. Lower panel, the graphene on the Si wafer, the same as the lower panel of Figure 1a.
(b) Enlarged image of the light blue dotted frame region in (a), showing the buckling behavior of
the three-layer graphene. (c) Top panel, focused ion beam (FIB) image showing the cross-section of
wrinkles of three-layer graphene, with the milled location marked by a red line in (b). Lower panel,
enlarged image of the red dotted frame region in the top panel. “Pt” indicates platinum film, which
is needed to mill the cross-section by FIB. The cross-section of the few-layer graphene is marked by a
white dotted line. (d) SEM images, top panel, enlarged image of the black dotted frame region in
(a) showing the wrinkle pattern in monolayer graphene. Lower panel, enlarged image of the three
wrinkles marked with red dotted frame on the top panel. (e) FIB image showing the cross-section of
three wrinkles in monolayer graphene.

The surface perimeter of the wrinkle is equal to the intrinsic periodic length, λ0 (µm),
of the wrinkling instability threshold in the stiff and soft bilayer system. If the thickness
contrast of the soft film to the stiff membrane is sufficiently large, λ0 is proportional to the
thickness of the stiff membrane, tm, and independent of the thickness of the soft film, ts,
expressed as follows [22,23]

λ0 = Atm,A = π

[
Em

3 × Es
(

1 − µ2
s

1 − µ2
m
)

(
3 − 4µs

(1 − µs)
2

)]1/3

, (1)

where A is a material constant of the stiff/soft bilayer films determined by Young’s modulus
and Poisson ratios of the stiff membranes and soft films. Es (GPa), µs, ts (µm) and Em (GPa),
µm, tm (nm) are Young’s modulus, Poisson’s ratio, and thickness of the soft film and stiff
membrane, respectively. The detailed derivation of Equation (1) is given in Ref. [22].
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Figure 3. Statistical results for the surface perimeter and modulus of few-layer graphene. (a) The
surface perimeter of wrinkles in few-layer graphene. (b) Calculated Young’s modulus, Em, of few-
layer graphene.

For the simplicity of Equation (1) derivation, the thickness of the soft layer was
approximated as infinite. In our graphene/PDMS bilayer systems, ts ranges from tens to
hundreds of microns, while tm is below 1 nanometer. Thus, ts is larger than tm by four
orders of magnitude. Therefore, the thickness approximation is reasonable within the scope
of this paper. When the two thicknesses are close to each other, the critical wavelength (λ0)
is determined by both the thicknesses of the stiff membrane and soft film [24–27].

According to Equation (1), Young’s modulus of the stiff membrane (Em) can be written
as follows

Em = 3Es
(1 − µs)

2

(3 − 4µs)
(

1 − µ2
m

1 − µ2
s
)(

λ0

πtm
)

3
. (2)

Now, the modulus of graphene with different layers can be evaluated according to
Equation (2) because the thickness of the monolayer graphene is known and the intrinsic
periodic length, λ0, of few-layer graphene can be determined in the experiment. µm = 0.165,
µs = 0.48, Es = 1.8 MPa, and the thickness of monolayer graphene is equal to 0.335 nm in the
following calculation [11]. Figure 3b shows the calculated moduli of few-layer graphene,
which are 1.06517 ± 0.00012 TPa, 1.22232 ± 0.00019 TPa, and 1.09115 ± 0.00017 TPa for the
monolayer, three-layer, and four-layer graphene, respectively. These calculated results are
close to each other, with an average value of 1.12621 ± 0.00016 TPa, which is close to the
common modulus of monolayer graphene of 1 TPa. These results demonstrate that Young’s
modulus of graphene is independent of the number of graphene layers if the number of
layers is below four.

It should be pointed out that micromechanics models can also be used to estimate
Young’s moduli of the stiff membrane, which are called “Tsai-Wu” and “Checkboard” [28,29].
Our work provides an alternative approach to estimating Young’s modulus of stiff mem-
branes on soft substrates, which can be complementary to previous approaches.

4. Conclusions

The wrinkle pattern of few-layer graphene on a soft substrate can be well stimulated
and maintained through directly stretching or compressing the bilayer of graphene mem-
brane and soft film. Based on the buckling behavior, the moduli of the graphene with layers
less than four are calculated, which are independent of the number of graphene layers
and close to each other, with an average value of 1.12621 TPa. The buckling deformation
of other 2D materials can be also well achieved based on a stiff/soft bilayer system and
mechanical manipulation, which allows strain-dependent physical or chemical properties
of the 2D materials to be well investigated.
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