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Abstract

Two-dimensional (2D) materials have attracted increasing attention recently due to their
extraordinarily different material properties compared with conventional bulk materials.
The 2D materials possess ultralow weight, high Young’s modulus, high strength,
outstanding carrier mobility, as well as high anisotropy between the in-plane and out-of-
plane mechanical properties. The nearby atoms in the same plane of layered 2D materials
are connected via covalent bonding, while the interlayers are stacked together via weak
van der Waals interactions. In this article, we review the in-plane mechanical properties
(including the in-plane Young’s modulus, pretension, breaking strength/strain) and out-
of-plane mechanical properties (including the perpendicular-to-plane Young’s modu-
lus, shear force constant, and shear strength) of different 2D materials, varying from
conductors, semiconductors, to insulators. The different fabrication methods for
suspended 2D materialstructuresarepresented. Theexperimentalmethodsand principles
for mechanical properties characterization are reviewed. A comparison of the mechani-
calpropertiesamongdifferent2D materialsissummarized. Furthermore, electrical output
change as a result of mechanical deformation (piezoresistive and piezoelectric effects) is
introduced briefly. By exploiting the unique mechanical and mechanoelectric transduc-
tion properties, 2D materials can be used in wide-ranging applications, including flexible
electronics, strain sensors, nanogenerators, and innovative nanoelectromechanical
systems (NEMS).

Keywords: 2D materials, mechanical properties, suspended structure, strain sensors,
nanoelectromechanical systems (NEMS)
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1. Introduction

Since the first successful preparation of graphene by mechanical exfoliation from graphite
crystals in 2004 [1], two-dimensional (2D) materials have attracted dramatic attention due to
their extraordinary physical properties (ultralow weight, high Young’s modulus, and high
strength) [2-7] and outstanding electrical properties [1] compared with conventional bulk
materials. In the past few years, graphene, with the highest measured Young’s modulus (~1
TPa) [3], is the most widely studied 2D material. Studies have shown that graphene filled into
the polymer matrices can reinforce the mechanical properties of the composites significantly
[8]. However, pristine graphene does not have a bandgap [9], which limits its applications in
certain fields requiring a semiconducting material. As a potential substitute material of
graphene, the transition metal dichalcogenides (TMDCs, e.g., MoS, and WSe,) and black
phosphorus (BP) with an intrinsic bandgap [10, 11] possess the potential for electronics and
optoelectronics applications [12-15] and open a new field for 2D materials study. Moreover,
the existence of piezoelectricity and the more sensitive piezoresistive effect in TMDCs
compared with graphene under mechanical deformation make them more interesting for
innovative applications including tactile strain sensors [16], nanogenerators [17], and
advanced nanoelectromechanical systems (NEMS).

In this review, first, we introduce the common approaches used for fabricating suspended 2D
material structures. Then, characterization methods for extracting the in-plane and out-of-
plane mechanical properties of 2D materials are presented. A summary of the experimental
results is given. In the last section, we introduce the electrical output change of 2D materials
induced by mechanical deformation—piezoresistive and piezoelectric effects. In addition, we
provide some example applications of 2D materials that make use of their extraordinary
mechanical as well as mechanoelectric transduction properties.

2. Fabrication of suspended 2D materials

Generally, to measure the mechanical properties of 2D materials experimentally, a suspended
structure needs to be fabricated. There are mainly two ways of fabricating a structure sus-
pended with 2D materials. One approach is to transfer the 2D materials directly onto the
prepatterned substrates [3, 7, 18-23]. The other approach is to transfer the 2D materials on the
substrate first and then remove the sacrificial layer beneath the transferred 2D materials [24—
31]. Figure 1(a) and (b) shows the two schematics of the first fabrication approach, while Figure
1(c) shows the second approach.

In the first approach, taking SiO,/Si substrate for example, holes or cavities are patterned in
the SiO, layer with lithography and wet/dry etching techniques, as shown in the first step of
Figure 1(a). Then, 2D materials are transferred onto the prepatterned SiO,/Si substrate by the
exfoliation method, forming suspended 2D materials structure (second step of Figure 1(a)).
With this method, the suspended structure can be fabricated theoretically on various kinds of
substrates. However, with the conventional mechanical exfoliation method, since the 2D
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Figure 1. Schematic of two representative approaches of suspended structures fabrication. (a, b) Transfer of the 2D ma-
terials directly onto the prepatterned substrates; (c) Suspension of the 2D materials by etching the sacrificial layer un-
derneath.

material sheets distribute randomly onto the substrates, the 2D material sheets may not cover
necessarily the specific hole in the SiO, layers, bringing the challenge of improving the
production rate. Normally, two methods can be employed to address this problem. One
method is to fabricate repeatable patterns (e.g., hole arrays) in the substrate [3, 7, 22] to enhance
the probability of producing the suspended structures, as shown in Figure 2(a). Another
method is to employ a modified exfoliation method (transfer printing/stamping [20, 32]), with
a transparent viscoelastic material as the carrier for the 2D materials, which enables a precise
transfer of 2D materials to the desirable location [19, 21].
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Figure 2. (a) Optical image of graphene suspended over hole arrays [35]. (b) SEM images of a MoS, bridge supported
on Au electrodes [23]. (c) SEM image of suspended graphene stripe under Au electrodes [25].

In most cases, electrical signal needs to be applied to the suspended 2D materials; therefore,
metal contacts need to be made to contact the suspended 2D materials, as shown in the third
step of Figure 1(a). In order to avoid the common wet process inducing the collapse of 2D
membranes, the shadow mask method [27] instead of lithography should be used. In addition,

221



222  Two-dimensional Materials - Synthesis, Characterization and Potential Applications

by combining conventional lithography, lift-off of deposited metal and transfer printing/
stamping of 2D materials, one can realize the fabrication of suspended 2D materials supported
on patterned metal contacts, as depicted in Figures 1(b) and 2(b).

The schematic of the second approach of fabricating a suspended 2D material structure is
presented in Figure 1(c). After the transfer of 2D material onto substrate and metal contacts
deposition, the 2D material is suspended by etching the underlying sacrificial layer with the
predeposited metal contacts acting as the etching mask and clamping of the 2D materials. In
this method, SiO, has been used widely as the sacrificial layer, which is removed commonly
by anisotropic wet etching with buffered hydrofluoric acid (BOE). In order to prevent the 2D
materials from collapsing due to the surface tension between the 2D materials and BOE, the
drying process is operated normally in a critical point dryer (CPD) [25, 29, 30]. In addition, the
etching time needs to be adjusted carefully to control the undercut of SiO, beneath the metal
contacts to prevent the metal from collapsing. Although a more complex structure can be
fabricated with this approach, as shown in Figure 2(b), the wet etching involved in the
fabrication process may introduce some contamination in the 2D materials, which may
degrade the performance of the devices. Moreover, the acids used in this process are not
suitable for some 2D materials, such as Bi,Se; [33] and metals (e.g., Ti, Al). Thus, to avoid acid
etching in the fabrication process, photoresist can be used as the sacrificial layer instead of
SiO, which can be removed with photoresist developers [33, 34].

3. Mechanical properties

As mentioned earlier, 2D materials possess high anisotropy between the in-plane and out-of-
plane mechanical properties. In pristine-layered 2D materials, the nearby atoms in the same
plane are bonded covalently with low defects density resulting in strong in-plane mechanical
properties. While the interlayers are stacked together via weak van der Waals interactions,
allowing layers to slide easily when shear stress is applied, the effect can give rise to lubrication
properties. In this section, the experimental methods used to characterize the mechanical
properties of 2D materials are introduced, and the corresponding empirical results are
summarized.

3.1. In-plane properties

The in-plane mechanical properties (including the in-plane Young’s modulus, pretension, and
breaking strength/strain) of 2D materials have been studied extensively in bending experi-
ments on suspended 2D sheets. In the bending experiments, atomic force microscope (AFM)
is used widely to characterize the deformation of the suspended sheets under a certain amount
of force. The force applied during the experiments can be divided into two categories:
concentrated force and distributed force. In the following subsections, all the mechanical
properties mentioned indicate the in-plane properties, unless stated otherwise.
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3.1.1. Applying concentrated force

The indentation experiment conducted under AFM is one of the most popular methods for
measuring the mechanical properties of 2D materials. In most cases, an AFM probe indents
toward the center of the circular suspended 2D materials, as shown in Figure 3(a). During the
indentation, the displacement of piezoelectric scanner AZ (when the AFM probe starts to
contact with the membrane) and the deflection of AFM probe d are recorded. The indentation
depth at the center of a membrane can be determined by 6 = AZ —d, and the force applied from
the AFM tip onto the membrane can be derived from F = k x d, where k is the spring constant
of the AFM probe, which can be calibrated via a reference cantilever [36] or calculated using
the Sader method [37, 38]. Then, the force F versus deformation 6 curves of a suspended 2D
material can be extracted, as shown in Figure 3(b). When the radius of the AFM tip r,,, is far
smaller than that of the hole r and the bending stiffness of the measured 2D material is
negligible (monolayer or few-layer), the F — 6 curves can be approximated using the Schwering-
type solution, as Eq. (1) [3, 39, 40]:
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Figure 3. (a) Side view schematic of the indentation experiment on a suspended 2D membrane. (b) Representative

force—deformation curves for multilayer WSe,. The fitted curves using the Schwering-type solution agree well with the
experimental results [42].
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where 002D is the pretension, E?” is the 2D elastic modulus, v is the Poisson’s ratio, and g is a
dimensionless constant determined by ¢ =1/(1.05 - 0.15v — 0.16v?). By fitting the experimental
curves with Eq. (1), the pretension ¢¢" and 2D elastic modulus E?” of the membranes can be
derived. Due to the increasing thickness of 2D material (>15 nm) [41], the mechanical behavior
of 2D materials undergoes a membrane-to-plate regime transition, and therefore, the bending
stiffness should be taken into consideration by adding another term into Eq. (1), thus, forming
a modified model [6] which gives a better estimation of the pretension 0"

| 4xE* (1t ? q

where t is the thickness of the measured 2D material.

During an indentation experiment with a spherical indenter, the maximum stress for a circular
and linear elastic membrane as a function of the applied force F can be derived with the
expression as follows [43]:

2D
2 FE 3)

max s

47[rtip

where 020 is the maximum stress at the center of the film (under the AFM tip). Thus, the

breaking stress of the 2D material can be estimated by acquiring the force which breaks the 2D

material during the indentation. Assuming the stress of the 2D material has a linear relation-

ship with its strain, the breaking strain can be predicted by ¢, =022 [ E?P.

max_ “max

Apart from the circular membrane, the indentation experiment can be operated also at the
center of a beam-structured 2D material with two ends fixed [4, 44, 45]. In this case, the relation
between applied force F and deformation at the center of the 2D material 6 can be modeled
with the expression [46]:

SwWE*P

3

16E*wr?

F 7

S+0208 + 5, (4)

where [ and w are the length and width of the suspended beam, respectively.
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It is worth noting that it is extremely important to identify the zero displacement/force point
precisely for nanoindentation experiments [47]. An inaccuracy of 2-5 nm in determining this
point may lead to a 10% error in the extracted E*” [35]. In order to compare the elastic properties
of a particular 2D material with its bulk counterpart as well as other 2D materials, the 2D elastic
modulus E?” sometimes needs to be converted to the normal 3D Young’s modulus E, by
dividing the 2D value by the thickness of the 2D material t.

From the models of Egs. (1), (2), and (4), we can see that the applied load has an approximate
linear relationship with the indentation depth when the membrane deformation is small, and
significantly follows a cubic relationship under large deformation. Thus, in the linear regime
(small deformation of membrane), the effective spring constant of circular and beam-struc-
tured membrane can be extracted as

3

k. .= LE +o.°r,
circular 3(1 . 1)2 )rz Y 0 (5)
k.. = 16w’ E,+o"

beam l3 Y 0 -

By measuring the effective spring constant of the same kind of 2D material with different

design, thickness ¢, or dimensions (, w, or [), the Young’s modulus Ey and pretension o;” can

be extracted. Note that this method is only valid under the assumption that E, and 05" are

independent on the thickness or dimension of the 2D material, assumptions of which are under
debate at present [48, 49].

3.1.2. Applying distributed force

Apart from the concentrated force applied with an indenter, distributed force (such as
electrostatic force [50] or pressure force [51]) can be applied on suspended 2D material to
measure the mechanical properties. In order to produce an electrostatic force, metal contacts
need to be made on/below 2D membrane, so that a voltage can be applied between the
membrane and the back-gate electrode, as shown in Figure 4(a) and (b). Moreover, by creating
a pressure difference between the inside of microcavities covered by the 2D membrane p;,, and
the outside atmosphere p,,,, a pressure force Ap can be produced, as depicted in Figure 4(c)
and (d). The deformation of a membrane under distributed force can be characterized directly
via tapping mode AFM (Figure 4(e)). In addition, by measuring the Raman shift of 2D material
under loading and without loading, the local strain of 2D material can be extracted indirectly
[49]. After building a specific mechanical model which describes the relationship of the
deformation of the membrane due to the voltage bias [50] or pressure difference [51, 52], the
mechanical properties can be extracted by fitting the experimental results with the appropriate
model.
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Gold electrodes
{electrical contact to graphene)

Figure 4. (a) Top view optical image of a graphene suspended over hole arrays. (b) Schematic of producing electrostat-
ic force by applying a voltage Vs across the back gate and graphene [50]. (c) Schematic of a graphene-sealed micro-
chamber. Inset: Optical image of a graphene membrane over a hole. (d) Side view schematic of the graphene-sealed
microchamber. (e) Tapping mode AFM image of a graphene membrane with Ap >0 [52].

3.1.3. Results summary

Table 1 summarizes the mechanical properties of 2D material families ranging from conduc-
tors (graphene), semiconductors (semiconducting TMDCs and BP), to dielectrics (graphene
oxide [GO], mica, and h-BN). Overall, the Young’s modulus of 2D materials is larger than that
of the corresponding bulk materials, due to the lower crystal defects and interlayer stacking
faults in 2D materials [6].

Material Number of Young’s modulus Pretension Breaking  Breaking Characterization Ref.
layers (GPa) (mN/m) stress (GPa) strain (%) method
Graphene 1 1000 + 100 70-740 130+ 10 ~12 Indentation on [3]
(Mechanical circular membrane
exfoliated) 53 43 1000 N/A N/A N/A Electrostatic force  [50]
4 930 + 48 N/A N/A N/A Pressurizing [52]
membranes
1-5 1000 + 31 N/A N/A N/A Pressurizing [51]

membranes
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Material Number of Young’s modulus Pretension Breaking  Breaking Characterization Ref.
layers (GPa) (mN/m) stress (GPa) strain (%) method
1,2 2400+400 (1L) N/A N/A N/A Pressurizing [49]
2000 + 500 (2 L) membranes
3-14 ~800 N/A N/A N/A Indentation on beam [46]
Graphene 1 ~1550 200-800 80-94 N/A Indentation on [35]
(Mechanical circular membrane
exfoliated + Ar
plasma
irradiation)
Graphene (GO 1 250 + 150 N/A N/A N/A Spring constant of [4]
reduced) beam
Graphene (CVD 1 ~157 ~85 ~35 N/A Indentation on [55]
growth) circular membrane
1 ~1000 N/A ~121 (small N/A Indentation on [56]
grains) circular membrane
~140 (large
grains)
1 ~800 ~100 ~55 N/A Indentation on [47]
circular membrane
MosS, 1,2 270+100 (1 L) 20-100 22+4(1L) 6-11 Indentation on [7]
(Mechanical 200+ 60 (2 L) 21+6(2L) circular membrane
exfoliated) 5-25 300+ 10 0.15+0.15 N/A N/A Spring constant of  [59]
circular membrane
5-25 330+70 50 + 20 N/A N/A Indentation on [6]
circular membrane
MoS, (CVD 1,2 260+ 18 (1L) 110+£40 (1 L) N/A N/A Indentation on [48]
growth) 231+10 (2 L) circular membrane
WS, (CVD 1 272 +18 150 + 30 N/A N/A Indentation on [48]
growth) circular membrane
WSe, 56,12,14 170+7 (5L) 638+22(5L) >12 >7.3 Indentation on [42]
(Mechanical 166 +6 (6 L) 691+37 (6 L) circular membrane
exfoliated) 168+7 (12 L) 499 +34 (12 L)
165+6 (14 L) 137 £26 (14 L)
BP (Mechanical 17-35 27 +4 (armchair N/A 2.2 (armchair 7.2 Spring constant of [54]
exfoliated) direction) direction) (armchair  beam
59 + 12 (zigzag 4.2 (zigzag  direction)
direction) direction) 6.5 (zigzag

direction)

227
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Material Number of Young’s modulus Pretension Breaking  Breaking Characterization Ref.
layers (GPa) (mN/m) stress (GPa) strain (%) method
17,37 276 £32 (17 L) 180-1200 >25 >8 Indentation on [41]
90 +6.4 (37 L) circular membrane
GO (Solution-  1-3 208+23(1L) 54+14(1L) N/A N/A Indentation on [57]
based 224+18 (2 L) 32+6(2L) circular membrane
deposition) 230+27 (3L) 28+4(3L)
Mica 2-14 202 +22 140 £ 80 4-9 2-4.5 Indentation on [60]
(Mechanical circular membrane
exfoliated)

h-BN (CVD 2,4,5 279+20 (2 L) 88+12(2L) 9 2.2 Indentation on [2]
growth) 269+13 (4 L) 128+1.3(4L) circular membrane
252+15(5L) 15.7+15(51L)

1

Table 1. Summary of the in-plane mechanical properties of 2D materials measured from experiments.

3.1.3.1. Young’s modulus

Pristine monolayer graphene (prepared by mechanical exfoliation from bulk graphite) is
reported to be the stiffest 2D material on earth so far with a Young’s modulus of approximately
1 TPa [3, 49, 51], because of the strong in-plane covalent carbon-carbon bonds. For 2D
TMDCs—MX, (M =Mo, W; X =§, Se) with the same crystal structure (chalcogen atoms in two
hexagonal planes separated by a plane of transition metal atoms) [11], a smaller Young’s
modulus of WSe, has been observed compared with MoS, and WS, [42]; due to a decrease in
the charge transfer and an increase in the lattice constant, resulting in a weakened binding
between the metal and chalcogen [53], as M changes from Mo to W and X changes from S to
Se.

Meanwhile, the Young’s modulus of some 2D materials (e.g., MoS,, BP, and h-BN) [2, 7, 41,
48] have been found to decrease with an increase in their thickness (number of layers), which
is caused mainly by interlayer stacking errors. The occurrence of interlayer sliding in multi-
layer 2D materials during indentation is also a factor for underestimating the intrinsic Young’s
modulus [7]. However, the Young’s modulus of WSe, remains unchanged statistically with
increasing number of layers, which possibly results from the strong interlayer interaction in
WSe, [42]. As stated earlier, for 2D materials with thickness-dependent Young’s modulus,
precaution needs to be taken when using model Eq. (5) to derive the Young’s modulus.
Furthermore, the highly anisotropic atomic structure in 2D materials, such as BP, presents an
anisotropic Young’s modulus along the different crystal orientations [54].

In addition, the mechanical properties of 2D materials largely depend on the density of crystal
defects and thus are related to the preparation methods. For instance, the larger number of
vacancy defects in the GO-reduced graphene and the existence of voids at the grain boundaries,
together with wrinkles in polycrystalline graphene prepared by the CVD method, can
contribute to the weaker mechanical properties [4, 55]. In addition, the presence of a larger
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number of grain boundaries can affect the Young’s modulus of 2D materials negatively [56].
By optimizing the processing steps of suspended 2D materials fabrication, the quantity of
crystal defects and wrinkles in 2D materials can be reduced, thus leading to an improvement
of the mechanical properties [56]. Research has shown that the elastic properties can be
recovered by flattening the wrinkles in CVD graphene with a small prestretch [47]. The
mechanical properties of 2D materials can be improved also by introducing controlled density
of defects, such as Ar* plasma irradiation [35].

3.1.3.2. Pretension

The factors that can affect the pretension in 2D materials are quite complicated. The pretension
not only depends on the intrinsic mechanical properties of 2D materials, but also on the
fabrication process of the suspended structure (e.g., the method of transferring 2D material
onto the substrates). Therefore, the pretension values of suspended 2D materials in Table 1
vary greatly. Generally, the dry transfer process with scotch tape or viscoelastic stamp
introduces higher pretension compared with wet transfer process such as solution-based
deposition [57]. Suspended structures fabricated by etching sacrificial layer (method shown
in Figure 1(c)) normally possess less pretension than 2D materials transferred directly onto
prepatterned substrates (method shown in Figure 1(a) and (b)). Annealing, as a common
method to remove the residue on 2D materials left over by a fabrication process, can introduce
thermal stress due to the different thermal expansion coefficients between the substrates and
the 2D materials.

3.1.3.3. Breaking strength

As presented in Table 1, the 2D materials with higher Young’s modulus normally possess
higher breaking strength. Many reports have found that the breaking stress of 2D materials
can reach the theoretical upper limit (E,/9) [7], due to low disorder and impurities in the
characterized 2D materials. The existence of anisotropic breaking strength along armchair and
zigzag directions has been found in BP, possibly resulting from its anisotropic Young's
modulus [54]. Except for the 2D dielectrics (mica and h-BN), the breaking strain of most 2D
materials is above 7%, which is comparable with the common materials used as substrates for
flexible electronics, namely polyimide (PI) or polydimethylsiloxane (PDMS) [58], implying that
most of the 2D materials are compatible with flexible electronic devices.

3.2. Out-of-plane properties

The research on the out-of-plane mechanical properties of 2D materials includes characterizing
the elasticity perpendicular to the plane’s direction and the interlayer shear force constant/
strength parallel to the plane’s direction. Unlike the experiments already conducted in
characterizing the in-plane mechanical properties of 2D materials, experimental investigations
on quantifying the out-of-plane properties are still quite scarce, mainly because of the technical
difficulties in characterization [61]. Overall, out-of-plane properties can be explored directly
by applying normal/shear force to 2D materials or indirectly via Raman spectroscopy. This
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section introduces the various experiments conducted thus far related to the measurements of
out-of-plane properties.

3.2.1. Direct characterization

3.2.1.1. Perpendicular-to-plane elasticity

Direct investigation of the perpendicular-to-plane elasticity of few-layer 2D materials remains
challenging, because extremely small indentations need to be conducted on supported 2D
sheets. Since the interlayer distance of 2D materials is so small (<1 nm), the maximum inden-
tation depth should be only a few angstroms (smaller than the interlayer distance) [62].

An unconventional AFM-based method (modulated nanoindentation, as shown in Figure
5(a)) with a high indentation depth resolution of 0.1 A [63, 64] has been employed to measure
the perpendicular-to-plane elasticity of highly oriented pyrolytic graphite (HOPG), epitaxial
graphene (EG), epitaxial graphene oxide (EGO), and conventional GO successfully [62].
During the indentation, the AFM tip oscillates at 1 kHz frequency with an amplitude of
approximately 0.1 A (AZe,0) controlled by a piezoelectric tube. The AFM feedback loop sets
a normal force F, applied on the 2D materials from the AFM tip by setting the position of the
piezoelectric tube vertically. A tip oscillation with an amplitude of AZ,,, results in a variation
of the normal force AF, monitored via the deflection of a cantilever. At a certain normal force
F,, the tip—2D material contact stiffness k., can be obtained via the expression below:

-1
AF, 1 1
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Az k. Tk (F)) ©)
piezo lever comact( Z)
A 8 B
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Figure 5. (a) Schematic of modulated nanoindentation on 2D materials. (b) Force-indentation curves for SiC, 10-layer
EG, and 10-layer EGO extracted from the nanoindentation. (c) Force—indentation curve for HOPG and the Hertzian
fitting. Adapted from Gao et al. [62].

where k., is the spring constant of the AFM cantilever. Then, the force F, versus indentation
depth Z; 4 curves (as shown in Figure 5(b)) can be derived by integrating dF, = k e (F,)
dZindent as
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£ dF
Z = —Z—.
ent IO kcontact (F V4 ) (7)

When the indentation depth is in the subnanometer regime, the perpendicular Young’s
modulus can be extracted by fitting the F, — Z; 4., curves with the Hertz model (as shown in
Figure 5(c)):

4

F — EE*VI/ZZdemZ/S, (8)

where E "= (1-(vsmPle)? | EsamPle) 4 (1-(p )| ELP), with v samPle P psample and EP being the
Poisson’s ratio and Young’'s modulus of the measured 2D material and AFM tip, respectively.
With this approach, the perpendicular Young’s modulus of HOPG, EG, EGO, and conventional
GO is measured to be 33 + 3 GPa, 36 + 3 GPa, 23 + 4 GPa, and 35 + 10 GPa, respectively, which
is far smaller than the in-plane Young’s modulus. In addition, the intercalated water between
GO layers can affect the perpendicular Young’s modulus significantly. This method is very
sensitive to the 2D material/substrate interaction and the number of layers of 2D material, and
thus is useful for investigating 2D material/substrate interaction [62].

3.2.1.2. Shear force constant/strength

To measure the interlayer shear force constant/strength, proper shear stress should be applied
to the interlayer interface of a 2D material using a probe. Oviedo et al. [61] have measured the
interlayer shear strength of MoS, with a shearing strength test under in situ transmission
electron microscopy (TEM) characterization, as shown in Figure 6. During the test, a multilayer
MoS, flake sandwiched between a 3.5 pm thick focused ion beam (FIB)-deposited platinum
(Pt) cap and a SiO,/Si substrate has been attached to a piezoelectric manipulator, as shown in
Figure 6(a). Then, the sample has been moved toward a static indenter probe (attached to a
force sensor) to apply force to the side of the Pt cap, thus creating shear stress in the MoS, flake
(Figure 6(b)). During the test, the force versus distance plot has been recorded, as depicted in
Figure 6(c). With the force triggering the shear F =498.8 + 1.6 uN and the sheared area A =19.7
+ 0.5 um? (inset of Figure 6(c)), the shear strength of MoS, is calculated to be 25.3 + 0.6 MPa,
about 0.1% of in-plane Young’s modulus (~260 GPa).

Another method to apply shear stress is to conduct friction force microscopy (FFM) measure-
ments. In contrast to the approach mentioned earlier, the probe, applying normal force to the
planes, is placed on the top surface of the 2D material sheets. Only when the probe-layer
interactions are stronger than the interlayer interactions, shear stress can be applied in the 2D
material by moving the probe laterally. The challenge of this approach is whether shear stress
can be transferred from the probe to the interlayer interface of the measured samples effi-
ciently. In addition, this method is not suitable to measure the shear strength with zero normal
load. With this approach, shear strengths of graphite have been measured to be 0.27-0.75 MPa
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depending on the sliding direction [65]. Meanwhile, the self-retracting motion of graphite,
when the probe is removed away after loading, has been observed (shown in Figure 7(a) and
(b)). Moreover, a set of lock-in states has been observed at certain rotation angles with 60°
intervals, which requires an external force to unlock a lock-in state [66], as shown in Figure
7(c) and (d). The interlayer shear strength of graphite where the lock-in appears is measured
to be approximately 0.14 GPa [67].

0} Wm0 300 M0 M B0 TG
Chsiance inmj

Figure 6. (a) Schematic of the in situ TEM shearing test. (b) Low-magnification TEM image of the indenter tip pointing
to the test sample. Inset: High-magnification TEM image of the test sample. (c) Force versus distance plot recorded
during the test. Inset: Top-view SEM image of the sheared surface. Adapted from Oviedo et al. [61].

Figure 7. (a, b) Motion of a graphite flake that self-retracts after unloading. (c, d) Motion of a graphite that is in a lock-
in state [66].

3.2.2. Raman spectroscopy

Furthermore, the interlayer interaction of 2D materials can be investigated using Raman
spectroscopy. By probing the interlayer phonons modes, both the parallel-to-plane (shear) and
perpendicular-to-plane (breathing) interlayer force constants can be extracted from the Raman
spectrum. Since interlayer vibrational modes are usually in the low-frequency regime, due to
the weak interlayer van der Waals restoring force, a special filter in Raman spectroscopy needs
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to be used to suppress the Rayleigh scattering background [68, 69]. Alternatively, the interlayer
interaction can be investigated from the Raman spectrum of folded 2D sheets with enhanced
interlayer vibrational modes response [70]. The interlayer breathing mode or shear mode force
constants can be obtained by fitting the experimental frequency of the ith vibrational mode,
with the expression below [68]:

a)l:\/ kz z[l—cos((i_l)”ﬁ, )
2urc N

where k is the breathing/shear mode force constant per unit area; c is the speed of light; 1 and

N are the mass per unit area and the number of layers of the 2D material, respectively. Table
2 summarizes the shear and breathing mode force constants measured with this method.
Generally, breathing mode force constant is about two to three times larger than that of shear
mode, which is possibly the reason why shear exfoliation can enhance the exfoliation efficiency
significantly compared with conventional exfoliation methods [71]. The interlayer interaction
of multilayer graphene is reported to be the weakest so far. On the other hand, the large
difference in the shear elastic modulus along two different in-plane directions reflects the
strong anisotropic elastic properties of BP [72].

Materials Number of layers Force constants (x10" N/m?) Ref.
Shear mode Breathing mode

Graphene 2-5 1.28 NA [68]

MoS, 2-9 2.72 8.62 [69]

WSe, 2,4 3.07 8.63

BP 4-14 1.70 (armchair direction) 12.3 [72]
3.82 (zigzag direction)

Bi,Te; 2-8 4.57 13.33 [73]

Bi,Se; 2-6 227 5.26

Table 2. Interlayer shear/breathing mode force constants extracted from Raman spectroscopy.

4. Applications

4.1. Flexible transistor

The combination of high breaking strain, low thickness, and versatile electronic properties of
2D materials make them competitive contenders for flexible electronics applications. Because
of the semiconducting properties, certain TMDCs (such as MoS,, WS,, and WSe,) and BP can
be used as channel materials in flexible transistors, while pristine graphene with relative high
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conductivity is suitable as an electrode material. Mica and h-BN with large bandgaps can be
used for 2D gate dielectrics [74, 75]. Figure 8(a) shows a flexible and transparent thin film
transistor (TFT) fabricated from all 2D materials on a polyethylene terephthalate (PET)-flexible
substrate [76]. The structure of the TFT is depicted in the inset of Figure 8(b). As shown in
Figure 8(b), the current On/Off ratio has been found to be about 7.5 x 10°, exhibiting p-type
FET characteristics, and the device characteristics have been unaltered within a mechanical
strain of 2%. Figure 8(c) shows the output characteristics of the flexible TFT with the charac-
teristic of current saturation similar to conventional Si transistors, uncovering the great
potential application of 2D materials in flexible transistors.
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Figure 8. (a) All 2D materials-based TFTs on a flexible PET substrate. (b) Transfer characteristics of the TFT with and
without 2% strain. Inset: Side-view schematic of the flexible TFT. (c) Output characteristics of the TFT. Adapted from
Das et al. [76].

4.2. Strain sensor

The 2D materials [77, 78] have been found to undergo band structure change under applied
strain. In addition, the distortion of the 2D films may result in additional scattering, thus
reducing the carrier mobility [79]. The above factors contribute to a piezoresistive effect, in
which the resistivity of 2D materials is modulated by mechanical deformation. Thus, 2D
materials can be used as strain or pressure sensor [80, 81], by taking advantage of the piezor-
esistive effects. The sensitivity of a strain sensor is characterized usually by its gauge factor
(GF), defined as [AR(¢)/R,]/ ¢, where R, is the total resistance of the unstrained device and

AR(¢) is the resistance change under strain €. The GF of pristine graphene has been character-
ized to be about 2 [81-85] due to the zero bandgap and the large strain required to open the
bandgap, which can be a disadvantage for strain sensors. On the other hand, the GF of MoS,
can reach approximately —200 [17, 29], resulting from the higher sensitivity of the decreasing
bandgap and the direct-indirect bandgap transition under tensile strain, making MoS, more
suitable for strain-sensing systems. The sensing performance of the 2D strain sensor can be
enhanced by optimizing the structure design, such as the piezopotential-gated graphene
matrix sensor arrays (GF =389, as shown in Figure 9(a)) [16], quasi-continuous nanographene
film sensor (GF =507, as shown in Figure 9(b)) [86, 87], and graphene-woven fabric sensor (GF
=1000) [88, 89].
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Figure 9. Sensing characteristics of the (a) piezopotential-gated graphene matrix strain sensor (Adapted from Sun et al.
[16]) and (b) quasi-continuous nanographene film strain sensor (Adapted from Zhao et al. [86]).

Moreover, the piezoresistive effect, combined with the high breaking strain of 2D materials
enable the design of wearable strain sensors for human motion detection. Figure 10(a) shows
a prototype of tactile sensor fabricated with graphene films on a PDMS substrate attached on
the human wrist. As shown in Figure 10(b), the test subject’s motions can be captured clearly
with the strain sensor by outputting varying current response under different motions [16].
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Figure 10. (a) A graphene tactile strain sensor attached on the wrist detecting the hand motion. (b) The electrical re-
sponse of the tactile strain sensor in different hand motions shown in (a) [16].

4.3. Nanogenerator

Research has shown that odd-layer TMDCs possess piezoelectric property due to the absence
of inversion symmetry [17, 34]. Figure 11(a) shows a flexible device with the monolayer
MoS, flake outlined with black dashed line. When the substrate is bent from the two ends
mechanically, the MoS, flake will be stretched, and piezoelectric polarization charges will be
induced at the zigzag edges of the MoS, flake which can drive the flow of electrons in an
external circuit as depicted in Figure 11(e). When the substrate is released, electrons flow back
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in the opposite direction as shown in Figure 11(f). Figure 11(b) and (c) show that periodic
stretching and releasing of the substrate can generate piezoelectric outputs in the external
circuit with alternating polarity, which converts mechanical energy into electricity. A maxi-
mum mechanical-to-electrical energy conversion efficiency of 5.08% can be achieved from the
device [17]. The existence of piezoelectricity, coupled with the mechanical flexibility of some
2D materials, demonstrates their potential applications in wearable power-generated nano-
devices.
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Figure 11. (a) A flexible device with a monolayer MoS, flake and metal electrodes at its zigzag edges. (b) Applied peri-
odic strain as a function of time. (c) Corresponding piezoelectric outputs when strain is applied along the armchair
direction. Operation of the MoS,-based piezoelectric device in initial state (d), stretched state (e), and released state (f)
[17].
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4.4. Resonator

Nanoelectromechanical systems (NEMS) resonator, offering the potential for extreme mass
and force sensitivity [25, 90], has triggered intense interest in recent years. The resonant
frequency of the resonators depends greatly on their geometry and the mechanical properties
of the vibrational materials (such as Young’s modulus and mass density) [91]. As the sensitivity
of resonators improves with increase in resonant frequency, 2D materials are prospective
materials for highly sensitive NEMS due to their extraordinary mechanical properties and low
mass. Among the family of 2D materials, graphene resonator has been studied most so far.
Figure 12(a) shows a schematic and a SEM image of a graphene resonator. Figure 12(b) shows
a schematic of the electrical actuation and detection of mechanical vibrations of the graphene
resonator. A dc voltage V, applied to the gate causes static deflection of the graphene toward
the gate. The resonant motion is actuated by ac voltage with an amplitude of V,and frequency
of w, applied to the drain electrode, and read out by the current mixing method [25] using a
lock-in amplifier. As shown in Figure 12(c), when Ve=0V and V, =250 mV, the fundamental
resonance frequency (Peak A) is approximately 1 MHz, and the second vibration mode (Peak
B) is measured to be approximately 2 MHz. The amplitude of vibrational modes increases with
increasing V,. However, the resonant frequency decreases as V, increases due to nonlinear
damping effects at higher resonance amplitudes [92]. By operating the graphene resonant
sensors in the second mode regime, the detection sensitivity can be improved significantly [93].
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Figure 12. (a) Schematic and SEM image of a graphene resonator. (b) Circuit diagram of current-mixing characteriza-
tion setup. (c) The mixed current versus driving frequency for different amplitudes of actuation voltages. Adapted
from Chen et al. [93].

NEMS with low resonant frequency can be used for acoustic electronics, such as acoustic sensor
[94] and loudspeakers [95]. Since the resonant frequencies of resonators can be tuned inversely
by increasing the dimensions of vibrational parts, resonators with lower resonant frequencies
can be fabricated on 2D membranes with larger dimensions. Figure 13 shows the response of
a graphene resonator working in the low-frequency regime [94]. The resonator has been ac-
tuated with a piezoelectric disk driven with a sinusoidal signal and detected using a Laser
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Doppler Vibrometer (LDV). The fundamental resonant frequency has been measured to be
approximately 16 kHz for a 3 x 3 mm? graphene membrane.
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Figure 13. Measured resonant frequency for a 3 x 3 mm? membrane over the cavity using LDV. Adapted from Grady et
al. [94].

5. Conclusions

In this article, we have reviewed the experimental study of in-plane and out-of-plane me-
chanical properties of 2D materials ranging from conductors (e.g., graphene), semiconductors
(e.g., TMDCs and BP), to insulators (e.g., h-BN). First, various approaches for fabricating
suspended 2D material devices have been demonstrated, whose advantages and disadvan-
tages have been compared. Then, the various characterization methods and the corresponding
results have been summarized, with special focus being paid to the mechanical differences
among the different 2D materials. With the extraordinary mechanical properties (ultralow
weight, high Young’s modulus, and high strength), 2D materials possess the potential for
applications in flexible electronics and highly sensitive resonating mass sensors. The associated
piezoresistive and piezoelectric effects under mechanical strain in 2D materials extend their
applications to strain sensors, nanogenerators, and advanced NEMS.
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