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Interlayer shear coupling in bilayer graphene
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The interfacial shear coupling (ISC) governs the relative in-plane deformations of layered two-dimensional (2D) van der Waals (vdW)
materials, which is significant for both the fundamental theory of solid mechanics and the stability design of 2D devices. Here we
study the representative ISC of 2D vdW stacks using bilayer graphene (BLG) and isotope-labeled Raman spectroscopy. The results
show that under uniaxial tensile strain, the ISC between two graphene layers evolves sequentially with bonding, sliding and
debonding process, and the corresponding interfacial shear strength is inversely proportional to the sample size. Molecular
dynamics (MD) simulations demonstrate the origin of this inverse proportionality as stronger interlayer vdW interaction induced by
the edge lattices and atoms of BLG that have more degrees of freedom. These results not only provide new fundamental insights
into the multiscale interpretation of macroscopic interfacial shear properties of 2D vdW stacks but also have great potential in
guiding the design of graphene-based composite materials and flexible 2D electronics.
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INTRODUCTION

The assembly of two-dimensional (2D) materials into vertical van
der Waals (vdW) stacks has opened new avenues for fundamental
scientific studies in the past decade'=3, and the interfacial vdW
interaction has been extensively recognized as playing the most
critical role in determining the innovative properties of these
stacks*®. Besides most previous work that has focused on the
electronic properties, the mechanical coupling between the layers
of 2D vdW stacks is also important in governing their structural
integrity (durability) and mechano-electronic performances’?,
Especially, considering that an atomic-thick vdW stack often has
the same type of deformation under a macroscopic load, it is of
great significance to study the relative in-plane deformations of all
its layers, that is, the shear deformation and the corresponding
interfacial shear strength (ISS) of the stack, governed by the
interfacial shear coupling (ISC) between its layers.

The key to studying the ISC of a 2D stack is to obtain the strain/
stress information of each layer. Unlike measuring the adhesion
energy between 2D layers by nanoindentation using the 2D
material-wrapped atomic force microscope tip®, there are two
bottlenecks in observing the in-plane deformation of each layer
experimentally. One is to build 2D stacks with ultraclean vdW
interfaces with as few impurities and defects as possible, and the
other is to develop a reliable strain measurement technique with
high accuracy, which can distinguish the signal from each layer
even in a homogenous vdW stack.

In recent years, Raman spectroscopy has been widely used for
strain measurement in 2D materials by the shift of their spectral
peaks, owing to that it can relate the lattice elongation of a crystal
with its spectral feedback'®~'6. However, when this technique is
used for a homogeneous 2D stack, even consisting of only two
layers, their Raman signals will totally overlap. Considering the
width of a spectral peak, the accurate strains of the two layers
cannot be obtained until the peak from one layer is shifted “out”
from that of the other layer by a large enough strain difference

(Supplementary Fig. 1). Taking bilayer graphene (BLG) as an
example, the full-width-at-half-maximum (FWHM) of Raman G
peak for one layer is approximately 15 cm™' and its shifting rate by
strain is ~30cm™ %', only a strain difference larger than 0.5%
in the two layers can differentiate the overlapped G peaks,
otherwise, peak decomposition and line fitting using nondetermi-
nistic and subjective parameters have to be adopted'’~"°.

Inspired by the success of using isotope to study the growth
mechanism and doping level of graphene?°-22, here we study
the interlayer shear coupling of BLG by isotope-labeled Raman
spectroscopy. The results show that under uniaxial tensile strain,
the ISC between two graphene layers evolves sequentially with
the bonding, sliding and debonding process, and the ISS of BLG
is inversely proportional to the sample size. Molecular dynamics
(MD) simulations demonstrate the origin of this inverse
proportionality as stronger interlayer vdW interactions from the
edge lattices and atoms of 2D materials that have more degrees
of freedom.

RESULTS AND DISCUSSION

Realization and resolution of strain in each layer of BLG
Raman spectroscopy has been intensely used to quantitatively
assess the strain in graphene owing to its high sensitivity in
detecting lattice-related phonon energy variations'®'". In a typical
Raman spectrum of graphene, the G peak that originates from the
first-order scattering process of doubly degenerate E,4 phonons at
the center of the Brillouin zone is usually chosen for strain
measurement. As the uniaxial strain increases, this peak shifts to
lower wavenumbers (i.e., redshifts) and splits into two subpeaks,
namely, G- and GT, then the well-established model can be
adopted to calculate the strain components in graphene
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Isotope-labeled Raman spectroscopy for AB-BLG and the evolution of the corresponding Raman peaks with increased strain.

a Overlapped and differentiated Raman peaks from BLG composed of identical and isotope carbon atoms, respectively. b Schematic of the
experimental setup for the shear property measurement of BLG by Raman spectroscopy. ¢ OM image of a BLG island transferred on the
formvar/PDMS substrate. d A typical Raman spectrum of AB-stacked '?C/'3C BLG, compared with that of AB-stacked '2C/'?C BLG. e Raman G
peaks evolution of AB-stacked '2C/'3C BLG with increased PDMS tensile strain. Scale bar in ¢: 5 pm.

Where g, and &, are strains parallel and perpendicular to the
tensile direction, respectively, wd represents the G peak position
of unstrained graphene, Aw} and Aw; are the shifts of G* and G
subpeaks relative to w, respectively, and constants y = 1.99 and
B=0.99.

Because Raman spectra are the fingerprints of atom vibrations,
when the mass of atoms in a material changes, the positions of its
Raman peaks also change. For graphene formed by '2C and '3C
isotopes, their Raman peak positions satisfy the relationship

12
w3 = \/ﬁwu (2)

where w;; and w;3 are the positions of Raman peaks with the
same origin for '2C and '3C graphene, respectively. The G peaks
of unstrained '?C and '3C graphene are at ~1580 and ~1525 cm™,
respectively, and their 2D peaks that correspond to the second-
order scattering of phonons are at ~2680 and ~2575cm™,
respectively. Therefore, if the different layers in BLG are labeled
by '2C and '3C isotopes, the Raman signals from them can be
effectively distinguished (Fig. 1a), as we previously demon-
strated?3. For the G peaks that are usually used as the strain
indicator, they are differentiated for 55-60cm™' in a Raman
spectrum, capable enough of probing the strains in each layer
independently.

The construction of an ultraclean vdW interface is another
crucial factor in accurately analyzing the mechanical coupling
between 2D layers. Previous studies have used layer-by-layer wet
transfer to build the stacks'®'®, but it introduces impurities and
brings errors to the results. In contrast, Chemical vapor deposition
(CVD) -synthesized BLG has natural and better-defined interface
for quantitative characterization. By carefully adjusting the H, to
CH, flow ratio during CVD, we obtain large BLG islands with
regular hexagonal shapes and zigzag edges®*?°, as shown in
preliminary optical microscopy (OM) and scanning electron
microscopy (SEM) characterizations of the synthesized samples
(Supplementary Fig. 2). It is noteworthy that the smaller adlayer is
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grown underneath the first layer after CVD process?*?5?7, after

transfer they are flipped, so that the adlayer is on top and the first
layer attaches to the flexible substrate. This pyramid stack (Fig. 1b)
has been proven as the most efficient structure to transfer stress
between graphene layers?. In our experiments, the lateral size of
the top graphene layers range from 30 to 90 um, and that of the
bottom layers are larger than 5 mm, ensuring the location of the
former within the uniform strain region of the latter, according to
the Saint-Venant’s principle®®. In this work, we focus on the
analysis of AB-stacked BLG (AB-BLG), in which the projection of
half of the atoms in the top layer is at the carbon-ring center of
the bottom layer, as illustrated in the OM image (Fig. 1c). AB-
stacked '2C/'3C BLG islands are selected via their broad Raman 2D
peaks, which are at ~2640 cm™' and merged by eight subpeaks?’
(Fig. 1d). In-situ Raman measurements on these isotope-labeled
BLG were conducted during the stretching of flexible substrates,
and a typical G peak evolution of the '2C bottom layer and the '3C
top layer is shown in Fig. 1e. Apparently, both peaks redshift and
split into two subpeaks ('°G* and '’G-, '3G* and '3G),
demonstrating that uniaxial tension occurs in both graphene
layers through the stress transfer at the vdW interfaces of the
substrate/bottom graphene and the bottom/top graphene.

ISS calculation based on strain evolution of two layers

We present the evolutions of g; (the strain along the tensile
direction) at the central regions of the top and bottom layers for a
36-um AB-BLG with increased substrate strain (Fig. 2a). The strain
values are obtained from Eq. (1) based on the '2C and *C Raman
G peak shifts. Besides the pre-stretching and strain relaxation, the
top (blue dot) and bottom (red dot) graphene layers exhibit three
sequential stages of strain characteristics as substrate stretches.
During the first stage, the strains in both layers gradually increase
with the same value, indicating that they have the same tensile
deformation. When the substrate is stretched to a certain extent
and the shear strain arose from the vdW interaction between top
and bottom layers reaches the maximum, the BLG evolves into the
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Interfacial behaviors of AB-BLG probed by Raman spectroscopy. a Strain evolution of the top and bottom layers for an AB-BLG with

substrate stretching. b, c Strain distributions along the tensile direction in the top and bottom graphene layers, respectively. d Calculated ISS
of BLG as a function of its top layer size. The ultimate ISS value is fitted from the inverse proportionality of the data and indicates the ISS

governed purely by vdW interaction for an infinite-sized BLG.

second stage, in which the strain in the bottom layer continues to
increase but slows down its rate, whereas the strain in the top
layer maintains unchanged. At this stage, sliding of the top layer
on the bottom layer occurs. Finally, the strains in the top and
bottom graphene layers decrease dramatically, implying the fact
that the vdW interaction cannot afford the relative shear
deformation between the layers and substrate any longer and
the interface is failed. Considering that we focus on the study of
the ISS that is defined as the starting point of the interlayer
failure'3, i.e. the interface of the edge region starts to fail, we
choose to only measure the regular strain distributions at the
bond stage. Although the Raman result of the center region shows
two more processes of sliding and decoupling here, they both
occur after the failure of the edge regions, so that is negligible in
the discussion here.

By scanning the Raman spectra of the BLG island along the
tensile direction, we plot its g, distributions of the top and bottom
layers under different substrate strains, respectively, normalized
by the top layer size. The actual size of the top layer is 30 um
(Supplementary Fig. 3). The strain distributions in the top layer
have a plateau-like shape, and the plateau height gradually
increases with increased substrate strain, but the strains at both
edges remain zero. On the contrary, the strain distributions in the
bottom layer have a complementary basin-like shape, where its
minimum strain is nearly the same as the maximum strain of the
top layer, and the maximum strains in the bottom layer appear at
its two edges (Fig. 2b, ¢, and Supplementary Fig. 4).

The fitted solid lines for the data (see Supplementary Note 1)
demonstrate that the strain distributions in both graphene layers
are consistent with the shear-lag model'3, and the ISS of AB-
stacked BLG that describes the strength of its vdW shear coupling
can be obtained by

_ 2Ee.

i @)

Tc
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where 7. is the ISS, E is the Young's modulus of graphene that is
assumed as 350Nm~', & is the maximum strain in the top
graphene layer, and L is the lateral size of the top layer along the
tensile direction.

A series of experiments were conducted using BLG with
different sizes, and the results showed that the size of the top
layer plays a crucial role in the ISS of BLG, i.e., the ISS exhibits an
apparent inverse proportionality with the size (Fig. 2d). In solid
mechanics, ISS is a significant constant for bulk materials and
represents the maximum affordable stress during the shearing
deformation, and based on the definition, it equals the internal
stress per area averaged from the sum of interfacial vdW
interactions. With the assumption deduced from Fig. 2d that
the edge of the top graphene layer has a much stronger vdW
interaction with the bottom layer, we attribute the origin of this
inverse proportionality of ISS to the different vdW interactions in
the edge and terrace regions of BLG (Supplementary Fig. 5).
Based on this assumption, the experimental data in Fig. 2d can be
well-fitted by a first-order inversely proportional function. More-
over, according to the fitted line, ultimate ISS of 0.015 MPa can be
obtained in an extreme case where the size of the top graphene
layer is infinitely large, which represents the ISS of AB-stacked
BLG caused only by vdW interactions between the layer terraces.
This value is comparable to that of 0.04 MPa reported in a
previous literature'’, and the difference is reasonably under-
standable considering that the sample in the literature is not
infinitely large. The ISS of BLG with different sizes may have
reference significance for the mechanical properties of graphene-
based composite materials.

Edge effect analysis from MD simulation

To understand the ISC of AB-stacked BLG, MD simulations were
carried out using the large-scale atomic/molecular massively
parallel simulator (LAMMPS)>°. A two-layer graphene sheet with a
large bottom layer (red) and a small top layer (blue) is placed on
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Fig. 3 Simulated strain distribution and interlayer shear force along the tensile direction by MD. a, b Calculated strain distributions of the
top and bottom graphene layers along the tensile direction, respectively. ¢ Strain distributions in top layers and d interlayer force distributions
at the vdW interface along the tensile direction with different top graphene layer sizes.

an infinite substrate (yellow) to avoid wrinkles in graphene
(Supplementary Fig. 6). The widely-used adaptive intermolecular
reactive empirical bond order (AIREBO) potential®! is employed to
describe the C-C in-plane atomic interactions in each graphene
layer, the Kolmogorov and Crespi (KC) potential®? is used to
describe the interlayer vdW interaction between the graphene
layers, and the Lennard-Jones (LJ) potential is adopted for the
vdW interaction description between the substrate and the
bottom graphene layer®>. For all simulations, the substrate is
regarded as rigid, and uniaxial tensile displacements are directly
applied to the edges of the bottom graphene layer.

The simulated g, distributions in the two layers of a strained BLG
show plateau- and basin-like shapes that are consistent with the
experimental results. For a 36.9-nm-long BLG, its top and bottom
graphene layers are strongly bonded to deform simultaneously,
with the maximum strains of 0.73% for the former and 0.77% for
the latter (Fig. 3a, b, and Supplementary Fig. 7). To further
investigate the influence of edges on the ISC, more MD
simulations of BLG with the top layer size of 30.0, 51.6 and
65.4nm were conducted and their top layer g, distributions are
calculated. When the top layer of BLG is stretched to the
maximum strain, the interlayer shear forces between the layers
reach the maximum as well. The maximum strain to bond the
layers in BLG increases nonlinearly with the BLG size and
eventually reaches ~0.8% (Fig. 3c). If we define the region with
strain less than 90% of the maximum strain as the edge-affected
region, its lengths for 30.0-, 36.9-, 51.6-, and 65.4-nm-long BLG are
13.8, 17.2,20.6, and 21 nm, respectively. The 51.6-nm-long BLG has
the threshold length for this edge-affected region, and when the
size of BLG is larger, the influence of edges over the sheet
becomes smaller. As a direct consequence of the edge effect, the
maximum value of calculated interlayer shear force decreases with
the size of BLG increasing (Fig. 3d), confirming the inverse
proportionality of ISS in our experiments.

To further reveal the atomic mechanism underlying the edge
effect, we studied the interlayer energy distributions of BLG along
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the tensile direction with different strains (Fig. 4a). The energy
increase caused by the applied force is mainly concentrated in the
edge region, which is also a manifestation of the stronger van der
Waals interaction. The magnified top view of the edge region in
simulated BLG is presented for more details (Fig. 4d). When BLG is
unstrained, its top and bottom layers exhibit an AB stack. When
the uniaxial tensile strain increases, the interlayer dislocations in
BLG gradually occur and evolve. Interestingly, the stacked atoms
in both layers move relatively in both directions that are parallel
and perpendicular to the applied force, as illustrated by the blue
and red hexagons that represent the top and bottom graphene
lattices, respectively (the central and left edge regions are shown
in Supplementary Fig. 8). More careful investigations into the
simulated graphene layers suggest that the interlayer dislocation
is a relative rotation between the two graphene layers (Supple-
mentary Fig. 9) and such rotation is clearly due to the lack of
material’'s dimension and can be considered as a dimensional
effect, thus we suspect that the higher interlayer energy at the
edge is due to the rotated dislocation in the edge region. Based
on this view, a simplified MD model was constructed in which the
bottom graphene layer is fixed and the top layer is rotated along
the clockwise direction (Fig. 4b). The interlayer energy increment
as a function of the rotation angle between the layers is calculated
(Fig. 4c), exhibiting an exponential increase even with a slight
change of the rotation angle. Moreover, the interfacial interactions
between the outermost edge atoms of the top graphene layer and
the bottom graphene layer are stronger than those between the
other regions through a slightly shorter vdW distance®*, because
these atoms are not terminated by other carbon atoms and have
higher degrees of freedom, as shown in the cross-section view of
the edge morphology of BLG (the inset of Fig. 4d). This enhanced
interlayer interaction for edge atoms will also contribute to the
edge effect in BLG especially when the graphene size is small.
Furthermore, many critical issues that determine the application
performance of the 2D vdW stacks, especially in graphene-based
composite materials and flexible electronic devices, depending on
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the understanding of the interfacial load transfer and their
optimization that are also supported by the experimental data.

In conclusion, we study the ISC of AB-BLG with the naturally
grown interface and one layer substituted by '3C isotope using
Raman spectroscopy, and explore the origin of ISC through MD
simulations. Under uniaxial tension, the two layers of BLG show
three sequential stages: simultaneous deformation, top layer
sliding and the failure of the interface. Moreover, the obtained ISS
exhibits an inverse proportionality on the size of BLG. Checking
against the present MD simulations, it shows that the inverse
proportionality is originated from the rotated interlayer disloca-
tions and atoms with shorter vdW distances in the edge region,
which contributes higher interlayer energy to the interface. We
believe that these results not only provide new fundamental
insights into the multiscale interpretation of macroscopic inter-
facial shear properties of 2D vdW stacks but also have great
potential in guiding the design of graphene-based composite
materials and flexible 2D electronics.

METHODS

BLG synthesis

3C-isotope-labeled BLG was synthesized by the CVD method on Cu®*. A
commercially-available Cu foil (#46365, Alfa Aesar China Chemical Co., Ltd.)
was firstly cleaned and annealed at 1060°C in an atmosphere of
300 standard cubic centimeter per minute (sccm) H, and then 10 sccm
0., followed by introducing ">CH, into the growth chamber for 1 to 1.5 h.
Then '2CH, was stopped and evacuated, and '3CH, was introduced for
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another 1 to 1.5h. Finally, the growth chamber was cooled to room
temperature without stopping the gases, and characterizations of OM
(Olympus BXFM-ILHS, Olympus Co., Ltd), SEM (5KV, S-3400 |, Hitachi Co.,
Ltd) were conducted for the quality evaluation of synthesized graphene.

BLG transfer

BLG islands with two layers formed by different isotopes were selected and
transferred for tensile experiments using formvar-coated PDMS substrates
as we reported previously'®. A thin layer of formvar (1 wt.% in chloroform)
was dip-coated onto the surface of graphene, then a 0.7-mm-thick PDMS
(Sylgard 184 elastomer Kit, Dow Corning, USA) film with a much larger size
was closely attached onto the formvar surface. After removing the Cu
substrate by aqueous 1 M FeCls, the sandwiched graphene/formvar/PDMS
sample was rinsed and cut into a 16 mm x 5 mm piece for strain loading.

Strain measurement

A homemade tensile testing machine modified from a micrometer-
equipped multiaxis stage (MAX313D, ThorLabs, Inc.) was used to stretch
the sample uniaxially at 1.5 um s™', corresponding to a tensile strain rate of
0.0175% s~' for PDMS. The strain in graphene is measured by micro-Raman
spectroscopy (LabRAM HR Evolution, Horiba Co., Ltd.) using a laser with an
excitation wavelength of 532 nm. A long-focal-depth 50x objective lens
with NA =0.95 and a standard grating of 1800 grooves mm~" were used
for signal collection, and the polarization of the incident light was kept
perpendicular to the tensile direction. The diameter of the laser spot was
estimated as 1 um, and the spectral resolution is approximately 0.5 cm™.
Here the laser power is 1.25 mW, and its thermal effects can be neglected
(Supplementary Fig. 10). The obtained Raman spectra were analyzed using
LabSpec6 software.

npj 2D Materials and Applications (2022) 38
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