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Monolayer two-dimensional (2D) crystals exhibit a host of intriguing properties, but the most exciting
applications may come from stacking them into multilayer structures. Interlayer and interfacial shear
interactions could play a crucial role in the performance and reliability of these applications, but little is
known about the key parameters controlling shear deformation across the layers and interfaces between 2D
materials. Herein, we report the first measurement of the interlayer shear stress of bilayer graphene based
on pressurized microscale bubble loading devices. We demonstrate continuous growth of an interlayer
shear zone outside the bubble edge and extract an interlayer shear stress of 40 kPa based on a membrane
analysis for bilayer graphene bubbles. Meanwhile, a much higher interfacial shear stress of 1.64 MPa was
determined for monolayer graphene on a silicon oxide substrate. Our results not only provide insights into
the interfacial shear responses of the thinnest structures possible, but also establish an experimental method
for characterizing the fundamental interlayer shear properties of the emerging 2D materials for potential

applications in multilayer systems.
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Two-dimensional (2D) materials, with monolayer crys-
talline structures and unusual physical characteristics, have
been fueling extensive research on their use in semi-
conductors, electronics, batteries, and composites [1].
For most exciting applications of 2D crystals, the emer-
gence of multilayer structures is inevitable because of the
production process limitations [2,3] and, more importantly,
the functional and operational requirements [4—7]. Indeed,
ordered structures comprised of two or more layers
represent a wide class of materials, and their extraordinary
properties can be modulated by taking advantage of
interlayer interactions. For instance, layered stacking of
different 2D materials, generally called van der Waals
(vdW) heterostructures, exhibit exceptional electronic and
photonic properties [8]. From a classic view of multilayer
systems, one of the most critical issues that determine its
overall performance, durability, and even fabrication proc-
ess lies in the interfacial load transfer [9]. For the atomically
thin layers, the interfacial effects could be even more
critical because fundamentally thermal, electronic, optical,
and tribological properties could all be affected by the
interlayer deformation (especially under shear mode) of
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multilayer structures [10-12], whereas corresponding
mechanical parameters are far from well characterized.

Significant developments have been achieved in recent
years in characterizing mechanical properties of graphene
and other 2D crystals. The multilayer system is typically
treated as a single sheet where the interlayer deformation is
often overlooked [13-15]. In fact, the interlayer vdW
interactions for most 2D materials are relatively weak in
the mechanical sense, so individual layers with atomically
smooth surfaces are highly lubricated [16]. Recently, the
interlayer shear behavior has been explored by recording
the interaction between multilayer nanosheets and a scan-
ning tip via frictional force microscopy [17,18] or an
indentation tip via an atomic force microscope (AFM)
[19,20]. Although these tip-based measurements have
unveiled interesting dynamics due to adhesive and fric-
tional interactions, the understanding of interlayer defor-
mation and failure mechanisms within multilayered 2D
structures remains limited, and quantitative characterization
of the interlayer interactions has been experimentally
challenging and yet to emerge.

Here, we report an experimental measurement of the
interlayer shear stress in bilayer graphene and demonstrate
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continuous growth of an interlayer shear zone via a bubble
loading device. We uncover that such a process is governed
by previously overlooked interlayer shear deformation for
the bilayer graphene bubbles, which allows the interlayer
shear stress to be determined. To the best of our knowledge,
this is the first measurement of the interlayer shear stress
between the atomically thin structures which may be
extended to understand the interlayer shear interactions
in emerging 2D materials and the vdW heterostructures.
The capability to probe the interlayer interaction is sig-
nificant for the assembly and processing of layered 2D
materials and further offers a deep insight into the stacking
structure-property relations.

To activate interlayer shear deformation in bilayer
graphene, we employed uniform pressure via a bulging
device as shown in Fig. 1(a), which could also effectively
avoid stress concentration that is inevitable in probe-
activated shear interactions [20,21]. Such bulging devices,
also called blister tests, have been widely used to explore
mechanical properties of thin films [22,23], interfacial
parameters between films and substrates [15,24], and
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strain-dependent electronic and photonic properties of
2D crystals [25,26]. Figures 1(b) and 1(c) are the optical
and scanning electron microscope (SEM) images of a
bilayer graphene specimen. Graphene-sealed microcavities
were fabricated by micromechanical cleavage of graphene
over patterned holes in a SiO, substrate. The lateral
dimension of an individual graphene sheet was measured
by the optical microscopy, and their layer numbers were
identified by Raman spectroscopy (Fig. S1 [27]). To create
a pressure difference (A p) and control the bulging process,
we followed a well-developed gas diffusion method [15]
and obtained Ap = (poVo/Vo+ V,) — p. according to
the ideal gas law, where p, and p, are applied and external
atmosphere pressures, V, and V,,, are volumes of the hole
and bubble, respectively. We then utilized Ap as a con-
trolling load, pushing the suspended graphene upwards
and pulling the substrate-supported graphene (outside the
hole) towards the center of the hole by a controllable
bulging process. Multiple characterization techniques were
employed, including [Fig. 1(a)] in situ Raman spectroscopy
to monitor interlayer shear deformation outside the hole

Intensity (a.u.)

(a) Schematic diagram of a bilayer graphene bulging device and characterizations. The left inset shows profiles of a graphene

bubble with increasing pressures. The right inset shows Raman spectra of a graphene G band stacked vertically in the direction of a line
scan. (b) Optical and (c) SEM images of exfoliated graphene sheets on the prepatterned SiO, substrate.
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and in situ AFM to measure the height profile of each
bubble in order to examine the effect of interlayer sliding on
the overall bugling behavior. For comparison, monolayer
graphene bubbles were also obtained and characterized in
this work.

Typical Raman spectra for monolayer and bilayer gra-
phene recorded on the supported regions are shown in
Fig. S1 [27]. For monolayer graphene, at Ap = 0 MPa, the
Raman G band is located at 1581 cm™!, which is consistent
with previously reported results [40]. In contrast, the
suspended region (Fig. S4 [27]) exhibits slight differences
in both frequency and FWHM of the G band, which is
attributed to the absence of charge transfer doping [40].
With increasing pressure difference, substantial downshifts
(~55 cm™! at Ap = 0.35 MPa) in the Raman G band are
visible in the suspended region of graphene, demonstrating
significant tensile strains induced by pressurized bubble
formation. Note that, compared with the doping-effect-
induced Raman shift, the strain from bubbling is the
primary mechanism behind the evolution of the Raman
features. As the graphene in the suspended region bulges
up, the supported graphene around the hole is pulled
towards the center of the hole, and the G band in the
supported region shows slight downshifts. For bilayer
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graphene, a similar downshifting tendency is also observed,
both in the supported and the suspended region [27].

We then employ Raman maps plotting the frequency
shifts of the G band [41-43], sensitive to strain, to
experimentally identify the interlayer (graphene-graphene)
and interfacial (graphene-SiO,) shear behaviors outside
the hole [Figs. 2(a)—2(h)]. Figures 2(c) and 2(f) show the
initial Raman G-band frequency mappings of as-prepared
monolayer and bilayer graphene samples at py, = p.,
respectively, both exhibiting uniform distributions outside
the hole, whereas small frequency shifts are observable
at the center of the hole. This indicates a small strain
inside the hole and nearly zero strain outside. For mono-
layer graphene, Figs. 2(c)—2(e) show that the interfacial
shear deformation between supported graphene and the
SiO, substrate outside the hole could be continuously
activated by the pressure applied in a controllable manner.
Unsurprisingly, as the monolayer graphene is bulged
upwards with maximum deflection 6 = 155 nm at the
center under Ap = (0.14 MPa, the G band redshifts sig-
nificantly inside the hole [Fig. 2(d)]. Meanwhile, the G
band of the supported graphene also exhibits redshifting,
exhibiting a strain gradient (denoted as the color gradient)
in an annular region outside the hole. That is a clear

D)

£
NS
&
ey
9]
c e
Monolayer 4.
g 1550_1575 s 131 nm
o s 155nm L
o 184nm M
1540 v 201 nm
B g 765432

Raman shift (cm1)

+ 1540

X (pm)

9 8 -7 65 -4-32-100 1 2

FIG. 2. Schematic diagrams of bulged (a) monolayer and (b) bilayer graphene samples. Raman contour maps of G-band frequency in
one quadrant revealed the strain distributions in (c)—(e) monolayer and (f)—(h) bilayer graphene samples in both suspended and
supported regions at different pressures. The cross sections of Raman contour maps are shown for (i) monolayer and (j) bilayer graphene.
The insets show the variation of the G-band frequency near the edges of the hole. Solid vertical lines are positioned at the edges of the
hole, and the dashed horizontal lines indicate the frequency of the G band at zero strain.
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indication of interfacial shear deformation of the supported
graphene. As illustrated in Fig. 2(a), the applied pressure
inside the hole pushes the graphene upwards and induces a
tension at the edge of the hole, pulling the supported
graphene towards the hole. On the other hand, an interfacial
shear stress, 7;, between graphene and the substrate
opposes interfacial sliding. The competition leads to a
finite outer radius for the annular shear zone, beyond which
the supported graphene remains strain free. Within the
shear zone, Raman redshift or the corresponding strain
level decreases with the distance from the edge of the hole
until the G band returns to the unstrained level. We define a
dimensionless parameter p as the ratio between the outer
radius of the shear zone (the solid line) and the radius of the
hole (the dashed line). As the applied pressure increases,
the shear zone expands with an increasing outer radius. At
Ap = 0.21 MPa, the Raman mapping [Fig. 2(e)] shows
larger redshifts in both suspended and supported regions.
Moreover, the shear zone in the supported region grows
controllably outwards with a larger p, implying that more
interfacial area outside the hole participated in the shear
deformation to balance the increased pressure inside
the hole.

For bilayer graphene samples, similar growth behavior of
a shear zone outside the hole could also be observed from
Raman mappings [Figs. 2(f)—2(h)]. Compared to mono-
layer graphene, bilayer graphene requires a larger pressure
difference to bulge up to the same maximum deflection,
yielding a similar strain distribution inside the hole but a
much larger shear zone outside the hole. These results
suggest that for bilayer graphene bubbles, significant inter-
layer shear deformation occurred outside the hole. As
illustrated in Fig. 2(b), the interlayer shear zone would be
much larger than the interfacial shear zone for the monolayer
graphene if the interlayer shear stress 7, between the two
graphene layers is much smaller than 7, [44]. In other words,
the much more discernable growth behavior or the larger
shear zone observed in bilayer samples outside the hole is
dominated by the shear deformation at the weak graphene-
graphene interface rather than the graphene-substrate inter-
face, which also strongly agrees with our Raman mapping
results of the G-peak full width at half maximum (FWHM)
[27,45]. Note that, in previous works [15,46], pressurized
blister tests were commonly performed to measure the
adhesion energy between thin films and substrates as
interfaces would delaminate at a critical pressure. Here,
however, the interlayer shear deformation could be actuated
under relatively low pressures (far from that required to
cause delamination [27]), due to the weak interlayer shear
resistances.

To determine the nature of the interlayer shear zone
outside the hole, we further controlled the growth of the
shear zone continuously by tuning the applied pressure and
recorded line-scanning frequency shifts of the Raman G
band [Figs. 2(i) and 2(j)]. Details in the insets clearly show

the Raman shift as a function of the spatial position in the
monolayer and bilayer graphene samples. Interestingly, the
measured Raman shift exhibited nearly linear character-
istics near the edge of the shear zone, typically implying a
constant strain gradient due to a constant interfacial shear
stress in one-dimensional scenarios [47,48]. Such linearity
also enabled us to clearly determine the radius ratio p for
the annular shear zones (marked by red lines and symbols),
with respect to A p. In principle, the biaxial strain and stress
in graphene may also be determined from the measured
Raman shifts for both monolayer and bilayer graphene
samples, which could then be used to determine the shear
stresses for the graphene-SiO, (z;) and graphene-graphene
(7,) interface. However, a precise relationship between the
Raman shift and the biaxial strain of graphene (e.g., the
Griineisen parameter and shear deformation potential) is
still challenging to establish when the interlayer coupling
exists for bilayer graphene [49]. This issue might be
resolved if independent Raman signals could be obtained
for both bottom and top layers [50]. Here, we determine the
interlayer shear stress based on the measurement of the
shear zone size (p) from Raman mapping, which does not
require precise strain measurements.

Previous works typically focused on the overall
mechanical performance of multilayer graphene sheets
and thus simplified them as a single layer with an in-plane
stiffness of nEt, where n is the number of layers [15,51].
However, since the interlayer shear resistance is fairly
weak, we analyze the deformation of the bilayer graphene
as two monolayers with different interfacial shear stresses
for graphene-SiO, (z;) and graphene-graphene (z,) inter-
faces in supported regions [27]. Of particular interest is the
fact that the growth of the shear zone for both the
monolayer and bilayer graphene bubbles could be well
described by the analytical model, which allows determi-
nation of 7; and 7, based on measurements of & and p.

As Raman shifts cannot provide direct evidence of the
interlayer deformations at atomic-scale resolution, where
the mechanism of interlayer load transfer through shear
could be revealed, we carried out molecular dynamics
(MD) simulations for the bulging tests. The results depicted
in Figs. 3(a) and 3(b) clearly demonstrate the binding
energy and radial displacement of a bilayer graphene sheet,
indicating that there is no debonding in our MD simulations
in consistent with the experiments. The interlayer shear
deformation can be visualized from the relative atomic
displacements between top-layer and bottom-layer gra-
phene as shown in Figs. 3(c) and 3(d). Similar to the
Raman observation in Fig. 2, a clear zone (undergoing a
strain gradient) outside the hole could be directly observed
by simulations (Fig. S21 [27]). In addition, we find that
the strain distributions in both the suspended and supported
regions by MD simulations can be well fitted to our
analytical methods, validating our theoretical model for
analyzing the experimental results.

036101-4



week endin,

PRL 119, 036101 (2017) PHYSICAL REVIEW LETTERS 21 JULY 2017
(c) (d)

351 MPa 281 MPa

4 L

o090 60 .
top graphene

(2 2 2 2 )

bottom graphene

(a)

Ap=281MPa Ap=351MPa

o :
-300% mm = 100%
£-&)lg,

«— radial direction

FIG. 3. (a) Spatial distribution of the interfacial binding energy between bottom-layer graphene and the silica substrate.
(b) Decomposed in-plane displacement u, in the top-layer graphene calculated from the MD simulation results. (c,d) The interlayer
shear behaviors of bottom-layer and top-layer graphene, resolved by the atomic displacement under specific pressure difference.

We could determine the interfacial and interlayer shear  the shear deformation outside the hole is much more
stresses based on the measurements of § and p with respect  significant, owing to the weak shear resistance between
to Ap in bulging tests of monolayer and bilayer graphene. the two graphene layers. As shown in Fig. 4(b), the
In Fig. 4(a), we plot p versus Ap for monolayer graphene  observed growth behavior of the interlayer shear zone is
bubbles. Following the steps outlined in Fig. S12 [27], governed by an 7, of 0.02-0.06 MPa with an average of
7, is extracted with values in the range of 1-3 MPa  0.04 MPa (Fig. 5), 2 orders of magnitude lower than that of
and an average of 1.64 MPa (Fig. 5), in good agreement  the graphene-substrate interface. Similar shear stresses have
with previous reports for the graphene-SiO, interfaces  been experimentally obtained for multi-walled carbon nano-
(0.25-2 MPa) [51,52] and graphene-polymer interfaces  tubes (MWCNTSs) and graphite, demonstrating the ultralow
(0.3-2.3 MPa) [43,53]. In contrast, for bilayer graphene, interlayer shear interactions dominated by vdW forces [54].
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FIG. 4. The growth of the (a) interfacial and (b) interlayer shear zone versus A p for monolayer and bilayer graphene bubbles. The lines
are predicted by the membrane analysis with different interfacial shear stresses. Normalized center deflection versus Ap for (c)
monolayer and (d) bilayer graphene bubbles. Solid lines are predicted by the membrane analysis with Ef = 390 N/m and
7; = 1.64 MPa for monolayer and 7, = 0.04 MPa for bilayer. Dashed lines are predictions without considering interfacial or
interlayer shear deformations in the supported regions.
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FIG. 5. Measured shear stresses for graphene-SiO, and gra-
phene-graphene interfaces. Dashed lines correspond to the
average values of 1.64 MPa and 0.04 MPa.

Some modeling works and bending experiments have
reported considerably high shear stress between graphene
layers (~0.1 GPa) due to the commensurability-dependent
stick-slip friction with periodically changing peak shear
stress [55,56]. Instead, the relatively lower values here can be
attributed to the averaged effect caused by the limited spatial
resolution of the Raman laser spot (~1 um).

We further discuss the effects of the interfacial and
interlayer shear on the out-of-plane deflection of graphene
bubbles based AFM characterizations. The membrane
analysis [27] predicts a relation between Ap and & at the
center of the hole as

53
Ap = kEt—, (1)
o

where Et is the in-plane stiffness for monolayer graphene,
ro is the radius of the hole, and k is a dimensionless
coefficient that depends on the pressure difference and the
interfacial shear stress. Previous works have typically
ignored the shear deformation in the supported region
outside the hole [15], leading to a constant k (defined as
ko = 3.10 for graphene) and hence a linear relation
between &° and Ap, with a slope proportional to the in-
plane stiffness of graphene, Et. However, the presence of
shear deformation outside the hole can result in a nonlinear
behavior as k decreases with increasing pressure (Fig. S9
[27]), which is observed in Fig. 4(c) plotting ko(5°/r¢)
versus A p for monolayer graphene bubbles. In comparison
with the prediction assuming no shear deformation outside
the hole, the prediction with a finite shear stress (z; =
1.64 MPa) offers a better agreement with the AFM mea-
surements, especially at relatively high pressure levels
where more significant shear deformation occurred.

Compared to monolayer graphene bubbles, more signifi-
cant shear deformation occurs between two graphene layers
for bilayer graphene bubbles. Consequently, the bilayer
graphene bubbles exhibited a markedly nonlinear relation-
ship between k,(8°/r$) and Ap [Fig. 4(d)]. Similar behav-
iors could also be observed in a previous work on few-layer
graphene sheets [15]. Thus, the effects of the weak interlayer
shear resistance (7, = 0.04 MPa) should be considered in
efforts to predict the overall bulging deformation of bilayer
and few-layer graphene sheets. As illustrated in Fig. S14
[27], a bilayer graphene bubble may be treated as a super-
position of two monolayer graphene bubbles, each subjected
to a pressure difference in the suspended region and an
interfacial shear stress in the supported region. Using Eq. (1)
for each monolayer, the total pressure difference for the
bilayer is related to the center deflection [Fig. 4(d) solid line]
as Ap = (k; + ko) Et(5°/rg), where k; and k, depend on
two shear stresses (7; and 7,) for bottom and top layers,
respectively. Furthermore, the interlayer shear zones in
bilayer graphene bubbles could grow to reach the outer
boundary of graphene sheets, leading to slightly reduced
stiffness as predicted by the membrane analysis (Fig. S18)
and MD simulations (Fig. S22) [27].

In conclusion, we have observed controllable growth of
the interlayer shear zone in the supported region of bilayer
graphene bubbles using the pressurized bulging devices. By
combining Raman and AFM measurements with a mem-
brane analysis, we have demonstrated a method for
determining the interfacial and interlayer shear stresses
for the bilayer graphene as one of the thinnest structures
possible. This is the first measurement of the interlayer
shear stress for graphene. This result can be used to guide
developments of graphene-based electrical and mechanical
devices where interlayer shear is known to play a funda-
mentally important role. Our results could also open up
ample opportunities for fundamental studies on interfacial
and interlayer deformations in 2D heterostructures consist-
ing of various 2D materials in the multilayer form.
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