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applications of 2D materials emerging at 
large strain levels.[8–10] Considering diffi-
culties associated with building a micro-
electromechanical system for straining 
freestanding 2D materials,[11] 2D materials 
were often transferred onto a substrate 
such that the strain can be introduced to 
the 2D material by controlling the defor-
mation of the bulk substrate.[12] Such 
fact has led to significant advances in the 
strategies for straining 2D materials with 
a film-substrate system, as well as in inter-
face metrologies for the van der Waals 
(vdW) interaction between the 2D material 
and its substrate.

Here, we first summarize recent 
experimental achievements on realizing 
mechanical strain to substrate-supported 
2D materials by categorizing the defor-
mation modes of the 2D material–sub-
strate system. These deformation modes 
include in-plane modes caused by epi-
taxy, thermal-expansion mismatch, and 
stretching/compressing the substrate, 

as well as out-of-plane modes caused by wrinkling and buck-
ling of 2D materials, bulging and poking 2D materials, and 
transferring 2D materials on a patterned substrate. We then 
review recent experimental characterizations of the mechanical 
response of 2D material–substrate interfaces to in-plane shear 
deformations and out-of-plane delamination. This is not meant 
to be an all-encompassing analysis of the broad-field topic of 
strain engineering, but instead, we point out how mechanical 
deformations are achieved into 2D materials within the film/
substrate system and how the mechanics of interfaces govern 
these deformation mechanisms. The goal is to deterministically 
apply both strain magnitude and strain distribution into these 
atomically thin films and ultimately achieve strain-coupled fun-
damental physics and chemistry, and exciting applications in a 
controllable manner. Considering the interdisciplinary nature 
of research in this field, we also refer the readers to compre-
hensive reviews from relevant perspectives, including syn-
thesis of emerging 2D materials, characterizations of the strain 
in 2D materials (especially via the Raman spectroscopy), and 
applications of mechanically strained 2D materials.[6,13,14]

2. In-Plane Mode

Strain engineering of traditional semiconductors has been 
leveraged to reduce intervalley scattering, increase mobility 

Triggered by the growing needs of developing semiconductor devices at 
ever-decreasing scales, strain engineering of 2D materials has recently seen 
a surge of interest. The goal of this principle is to exploit mechanical strain to 
tune the electronic and photonic performance of 2D materials and to ulti-
mately achieve high-performance 2D-material-based devices. Although strain 
engineering has been well studied for traditional semiconductor materials and 
is now routinely used in their manufacturing, recent experiments on strain 
engineering of 2D materials have shown new opportunities for fundamental 
physics and exciting applications, along with new challenges, due to the 
atomic nature of 2D materials. Here, recent advances in the application of 
mechanical strain into 2D materials are reviewed. These developments are 
categorized by the deformation modes of the 2D material–substrate system: 
in-plane mode and out-of-plane mode. Recent state-of-the-art characteriza-
tion of the interface mechanics for these 2D material–substrate systems is 
also summarized. These advances highlight how the strain or strain-coupled 
applications of 2D materials rely on the interfacial properties, essentially shear 
and adhesion, and finally offer direct guidelines for deterministic design of 
mechanical strains into 2D materials for ultrathin semiconductor applications.

2D Materials

1. Introduction

2D materials are a relatively new class of atomically thin mate-
rials with emerging properties that lend well to next-generation 
ultrathin semiconductor devices.[1,2] Mechanical strain can 
strongly perturb the band structure of these materials, giving 
rise to the possibility of using mechanical deformation to tune 
their electronic and photonic performance dramatically.[3] In 
fact, this principle, termed strain engineering, is now routinely 
used in manufacturing traditional semiconductor devices.[4] 
The strain engineering of 2D materials is particularly exciting 
because an individual atomic sheet is intrinsically capable of 
sustaining much larger mechanical strain compared to either 
their bulk counterparts or conventional electronic materials.[5,6] 
Also, the thinness of 2D materials allows one to induce large 
local strains by poking, bending, or folding the material like 
a piece of paper.[7] These exceptional circumstances create 
opportunities for the study of new fundamental physics and 
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in Si transistors, and reduce the hole effective mass in III–V 
semiconductor lasers.[15] Growth on epitaxial substrates with a 
controlled lattice constant mismatch has been widely utilized 
to establish in-plane strain.[16] This method can extend to the 
strain-engineered growth of atomically thin 2D materials 
(Figure  1a).[12,17] Some reports have demonstrated apparent 
strain in chemical vapor deposition (CVD) grown 2D mate-
rials.[18] Theoretical studies have also suggested that for 2D Mo 
and W-dichalcogenide monolayers, the in-plane epitaxial strain 
might be utilized to transform them from the semiconducting 
phase to a stable metallic phase.[19] In addition, epitaxial growth 
of 2D transition-metal dichalcogenide (TMD) heterojunctions, 
including vertical and lateral, introduces a new strain engi-
neering strategy to produce novel electronic structures.[2,20–23] 
Note that the lattice-match strain can also be introduced by 
mechanically subjecting the 2D material to a periodic potential, 
e.g., transferring graphene on top of hexagonal boron nitride 
(hBN). In this case, both commensurate and incommensurate 
states were observed, depending on the rotation angle between 
the lattices of the two 2D materials, which can considerably alter 
the electronic and optical properties of the heterostructure.[24,25]

Thermal strain represents another type of residual strain 
in CVD-grown 2D materials, which is caused by the thermal-
expansion mismatch between the 2D material and its sub-
strate.[16,26] Both compressive and tensile strain can be achieved 
in the 2D material by selecting a substrate with different 
thermal properties (Figure  1b). Recently, Ahn et  al. demon-
strated stable built-in strains ranging from 1% tension to 0.2% 
compression by growing WSe2 (9.5  ppm) on substrates with 
different thermal coefficient of expansion ranging from 0.55 to 
12  ppm.[17] Notably, besides the growth method, postheating/
cooling of the 2D material–substrate system can offer a control-
lable way to apply thermal strain.[27,28] In this context, the sub-
strate is not limited to crystalline, and complex strain patterns 
in the 2D material can be achieved by applying nonuniform 
heat profiles in a designed fashion on such substrates.[27]

The most straightforward way to achieve in-plane strain in 
2D materials may come from transferring them on a flexible 
substrate and directly stretching, compressing, or bending the 
substrate (Figure  1c).[29–37] This strategy allows simultaneous 
applications of mechanical strain and measurements of Raman 
and photoluminescence (PL) responses of the 2D material. By 
this, recent studies have demonstrated continuous tuning of 
the electronic structure of monolayer and multilayer TMDs 
using in-plane strain.[31] Alternatively, after the Raman and PL 
response of many 2D materials to strain are calibrated, their 
monolayered nature makes them of particular promise for wire-
less strain-sensor applications as demonstrated in Figure 1c.[35]

3. Out-of-Plane Mode

Due to their atomic thinness, 2D materials energetically favor 
out-of-plane deformations when subjected to a mechanical 
field. The out-of-plane configuration is typically an indicator 
of the release of the global in-plane deformations, limiting the 
accumulation of strain by the above-discussed in-plane loading 
mode. However, the considerable local strain and strain gra-
dient associated with them have recently been utilized in the 

development of the strain engineering of 2D materials. In the 
following, we focus on strain engineering of 2D materials by 
wrinkles and buckles, bubbles and tents, and conformable 
patterns. The readers are referred to comprehensive reviews 
on out-of-plane deformation modes including ripples, folds, 
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scrolls, crumples for interesting functionalities of 2D materials 
such as surfaces with controllable wettability and transparency 
and flexible electronics.[38,39]

3.1. Wrinkles and Buckles

When a 2D material is under in-plane compression, it often 
leads to the formation of surface wrinkles or buckle delami-
nation as a result of buckling instability.[40–43] As illustrated in 
Figure  2a–c, compressive strain to 2D materials can be intro-
duced by directly compressing/prestretching the substrate, 
applying thermal stress, and growing/transferring 2D materials 
on the substrate (including 2D materials themselves) with a 
relatively smaller lattice constant. On a relatively stiff substrate, 
buckle delamination is typically observed (Figure 2d–f).[32,44–47] 
On a relatively compliant substrate, wrinkles are more likely to 
occur (Figure 2g–i).[22,43,45,48,49] In some systems, wrinkles and 
buckle-delamination blisters can co-exist and co-evolve by con-
trolling the magnitude of the applied compressive strain.[41,50] 
Of particular interest is the localized strain at the crest of these 
buckles and wrinkles, where the curvature reaches the max-
imum. Recent studies have shown that such localized strain 
can alter the electronic and optical properties of 2D materials 
remarkably, such as reduction of the direct band gap in MoS2 
multilayers and up to 0.7  eV shift of the absorption edge in 
black phosphorus flakes.[46,49]

3.2. Bubbles and Tents

Many applications of 2D materials involve multiple transfer 
processes of 2D materials to a substrate, by which 2D material 
blisters, such as bubbles and tents, frequently form by trapping 
water, gas, or solid nanoparticles at the interface (Figure 3).[51–54] 

Initially, these circular blisters have been viewed as an incon-
venience for device applications.[55,56] However, recent studies 
have shown considerable in-plane strain associated with these 
out-of-plane bubbles and tents, which creates opportunities for 
the study of new fundamental physics and applications of 2D 
materials emerging at large strain level.[10,57–59] Alternatively, 
many 2D material bubbles and tents are designedly created 
by confining interface liquid[51,60] and prepatterning substrates 
(Figure  3b),[59,61,62] respectively. Famous examples include the 
highly strained bubble-like and tent-like graphene,[10] which 
have been shown to possess large pseudo-magnetic fields, up 
to 300 T (Figure 3c), as well as 2D semiconductors draping over 
an array of micropillars, which can be applied as large-scale 
quantum emitters (Figure 3d).[59]

3.3. Conformable Patterns

Due to the high flexibility of 2D materials and their vdW inter-
action to the substrate, out-of-plane deformed 2D materials 
can be directly achieved by transferring them onto patterned 
substrates (Figure  4).[62–64] This method has led to significant 
development of the design of substrate patterns, along with 
strategies to fully conform 2D materials to them.[64–68] The 
resulting configurations have been recently exploited in many 
situations, where the associated mechanical strains in the 2D 
materials couple with interface chemistry and physics. For 
example, Nemes-Incze et  al. used atomic force microscope 
(AFM) tips to indent a SiO2-supported graphene flake such 
that the substrate underwent plastic deformation, and the  
graphene flake was still pinned to the deformed substrate.[67] 
This procedure can readily “write” out-of-plane profiles as demo
nstrated by the line- and dot-shaped graphene in Figure  4a. 
Zheng and co-workers transferred MoS2 to SiO2 nano-
cones using capillary pressure (Figure  4b) and demonstrated  
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Figure 1.  In-plane mode. a) Strain caused by lattice mismatch. For a TMD monolayer, its lattice parameters a and b by the growth substrate (shown 
in blue) can be used to select a particular phase of the TMD monolayer. Reproduced with permission.[19] Copyright 2014, Nature Publishing Group.  
b) Strain caused by thermal-expansion mismatch. Both compressive/tensile strain can be achieved in 2D materials based on the mismatch of thermal 
coefficient of expansion (ΔTCE) between the substrate and a monolayer WSe2. Reproduced with permission.[17] Copyright 2017, Nature Publishing 
Group. c) Top panel: Scheme of straining the 2D material by deforming its supporting substrate. Reproduced with permission.[29] Copyright 2009, 
American Physical Society. Bottom panel: The sequence of the deformation and the response of 2D band position of an exfoliated graphene. 
Reproduced with permission.[35] Copyright 2014, Wiley-VCH.
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its applications in the hydrogen evolution reaction and band-
gap engineering.[64–66] Notably, Choi et  al. reported a three-
step graphene integration technique to achieve a variety of 3D 
graphene patterns as partially shown in Figure  4c (elongated 
pyramids, rectangular pillars, and inverse pyramids).[68]

4. Mechanical Characterizations of the 2D 
Material–Substrate Interface

In the nanoscale regime, the vdW interactions between a 2D 
material and its substrate can have a strong influence on the 
mechanical behavior of 2D materials.[34,69] Consequently, the 
strain-coupled performance of 2D materials relies heavily on the 
mechanical behavior and properties of 2D-material-based vdW 
interfaces. For example, in the in-plane deformation mode, the 
strain in 2D materials is typically transferred from the substrate 
by the interfacial shear.[33,34,70,71] The maximal applicable strain to 
the 2D material hinges on the critical shear stress the vdW inter-
face can undergo.[72–75] In the out-of-plane deformation mode, 
the 2D material–substrate adhesion (also called interfacial tough-
ness) is one of the crucial parameters that dominate the wrin-

kling/buckling behavior,[41,42,76] determine the strain in bubbles 
and tents,[51–53,77–79] and predict the conformability between the 
thin membrane and the patterned substrate.[80] Such facts have 
motivated a lot of theoretical and experimental efforts into eluci-
dating how these atomically thin 2D materials interact with their 
substrate. In the following, we focus on recent advances in exper-
imental characterizations of interfacial shear and adhesion of 
2D material–substrate interfaces. These results aim to provide a 
thorough understanding of the mechanical response of 2D mate-
rial interfaces to both in-plane and out-of-plane deformations and 
ultimately offer direct guidelines for the optimal design of the 
strain engineering of 2D materials. The readers are also referred 
to detailed reviews on 2D material interfaces from different per-
spectives, such as of nanocomposites, tribology, and so on.[81–85]

4.1. Interfacial Shear

4.1.1. 2D Materials on a Substrate: Shear-Lag-Type Interfaces

Initially motivated by its importance in the field of nanocom-
posites, studies on the interfacial shear between graphene and 
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Figure 2.  Out-of-plane mode: wrinkles and buckles. a–c) Scheme of buckles and wrinkles of 2D materials caused by compressing or prestretching a) the  
substrate, b) thermal-expansion mismatch, and c) lattice mismatch. d) Scanning electron microscopy (SEM) image of a buckled MoS2 flake on an elas-
tomeric substrate. d) Reproduced with permission.[46] Copyright 2013, American Chemical Society. e) PL intensity mapping image for a quasi-triangle 
monolayer WS2 with edge buckle delamination. Reproduced with permission.[44] Copyright 2017, American Chemical Society. f) Tilted-view SEM image 
shows three buckles at each edge of the Bi2Se3/Bi2Te3 heterojunction. Reproduced with permission.[47] Copyright 2018, American Chemical Society.  
g) Optical image of a wrinkled 10 nm thick black phosphorus flake. The inset shows a sketch of the crystal lattice orientation. Reproduced with permis-
sion.[49] Copyright 2016, American Chemical Society. h) SEM image of a wrinkled, hexagonal graphene flake on copper. Reproduced with permission.[48] 
Copyright 2013, AIP Publishing. i) SEM images of three monolayer WS2/WSe2 superlattices. Reproduced with permission.[22] Copyright 2018, AAAS.
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the substrate are now well established.[83,86,87] In this context, 
graphene is typically placed on a polymeric substrate such that 
one can stretch/compress the substrate and transfer such strain 

to the graphene sheet by interfacial shear (Figure 5a,b).[70,75,88] 
The distribution of the transferred strain in the whole graphene 
sheet can be further mapped by in situ monitoring the shift 
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Figure 3.  Out-of-plane mode: bubbles and tents. a) AFM image of graphene bubbles. Reproduced with permission.[52] Copyright 2016, Nature Publishing 
Group. b) SEM image of graphene tents formed by depositing onto a SiO2 nanopillar array. Reproduced with permission.[62] Copyright 2014, American 
Chemical Society. c) An incoming incoming electron wave containing both K and K′ valleys incident on a nanobubble experiences the associated pseu-
domagnetic field indicated by the color map. Reproduced with permission.[57] Copyright 2016, American Physical Society. d) AFM image (right panel) 
and corresponding peak PL signal map of the nanopillar-poked WSe2 tent. Reproduced with permission.[59] Copyright 2017, Nature Publishing Group.

Figure 4.  Out-of-plane mode: conformable patterns. a) AFM images of an indentation pattern of lines and dots. Reproduced with permission.[67] Copy-
right 2017, Nature Publishing Group. b) SEM image of strained MoS2 on the nanocone substrate. Reproduced with permission.[66] Copyright 2015, 
Nature Publishing Group. c) SEM images of graphene conforming onto patterned substrates: elongated pyramids, rectangular pillars, and inverse 
pyramids. Reproduced with permission.[68] Copyright 2015, American Chemical Society.
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of Raman 2D or/and G peaks, leading to a quantitative under-
standing of interfacial shear properties.[83,86] Such a technique 
can also be applied to other 2D materials for the evaluation 
of their interfacial shear properties by the observation of the 
Raman shift of their characteristic bands when the supporting 
substrate is under strain.[87,89]

From the graphene/substrate systems, it is found that when 
the applied strain to the substrate is relatively small (e.g., <0.3% 
in Figure 5c), the distribution of transferred strain to graphene 
can be predicted by the classical shear-lag analysis. Strain builds 
up from the edges and approaches a peak at the center of gra-
phene. Moreover, this peak strain is equal to the strain of the 
substrate when the interface interaction is strong, or the size of 
the graphene flake (L) is large. Quantitatively, the strain is fully 
transferred from the substrate to the center of graphene when 

βL ≳ 10, where 
2D

L
k

E
β =







 is an experimental fitting para

meter comparing the shear stiffness of interface (k) to the 2D 
stiffness of graphene (E2D). In fact, β  is commonly treated as 
an effective measure of the interfacial stress transfer efficiency. 

As the applied strain increases, the strain distribution in gra-
phene becomes almost linear near the edges (the red line in 
Figure 5c), an indicator of interfacial sliding with a constant 
shear stress at the interface. This constant stress, called inter-
facial shear strength ( )cτ , can be determined from the linear 
slope, typically in the order of 1 MPa.[33,34,72,74,90]

The sliding-coupled shear-lag behaviors of graphene/sub-
strate interfaces may extend for more general 2D material/
amorphous substrate interfaces.[89,91] This experimental under-
standing provides many important implications for the strain 
engineering applications of 2D materials through in-plane 
deformation modes. Particularly, the unique sliding behavior 
of 2D material vdW interfaces defines the maximal strain the 

interface can transfer to 2D materials, which is 
2

c

2D

L

E

τ
. The 

large stiffness of 2D materials and the relatively weak interfa-
cial shear strength can explain the limited strain (typically <4%) 
in 2D materials achieved by the in-plane deformation mode. 
Alternatively, this simple formulation highlights strategies to 
maximize the interface-transferred strain, such as by selecting 
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Figure 5.  In-plane interfacial behaviors. a) Schematic diagram of applying tension to a monolayer graphene flake by a cantilever beam. Reproduced 
with permission.[70] Copyright 2009, Wiley-VCH. b) Simplified modeling in experiments: uniaxial stretch of the graphene/substrate system. c,d) Strain 
distribution along the tensile direction of monolayer graphene sheets on the substrate. The symbols represent experimentally measured data; solid lines 
are the analytical solution of nonlinear model for the vdW interface (c) and the hydrogen-bonded interface (d). b–d) Reproduced with permission.[75] 
Copyright 2016, Elsevier. e) 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. 
f) Measured shear stresses for graphene–SiO2 and graphene–graphene interfaces. The dashed lines correspond to the average values of 1.64 and 
0.04 MPa. e–g) Reproduced with permission.[73] Copyright 2017, American Physical Society.
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2D materials with large lateral size and by physically or chemi-
cally reinforcing the interfacial shear strength.[92] For example, 
Wang et  al. and Dai and co-workers recently found that the 
interfacial shear strength of the hydrogen-bonded graphene/
poly(methyl methacrylate) interface was calculated to be up to 
four times higher than that of pristine vdW interface as indi-
cated by the increased slope of the red lines in Figure 5c,d.[74,90]

4.1.2. 2D Materials Subject to a Periodic Potential

Due to the production process or the operational requirements 
of 2D-material-based devices, 2D materials are frequently sub-
ject to periodic potentials, such as 2D materials on Ru, 2D 
material multilayers, and heterostructures.[17,20,22] In these 
cases, the shear deformation of the interfaces formed by two 
atomically smooth surfaces is critical for the overall func-
tional performance, durability, and even fabrication of those 
devices.[73] A representative example is the epitaxial strain in 
CVD-grown 2D materials, which is much lower than theoretical 
expectations due to the relatively weak shear resistance between 
the 2D material and the underlying crystalline substrate.[17] 
Also, many exciting new physics in 2D material bilayers and 
heterostructures have been recently found to couple with 
the interlayer shear deformations, e.g., a simple mechanical 
twist.[93] However, experimental characterization of how the  
2D material layer shears on a crystalline substrate or another 
2D material layer is particularly challenging.

Wang et al. reported measurements of the interlayer shear 
stress in bilayer graphene based on pressurized microscale 
bubble loading devices (Figure  5e).[73] It was found that an 
interlayer shear zone outside the bubble edge could continu-
ously propagate in a controlled manner and an interlayer 
shear stress of 40  kPa was extracted based on a membrane 
analysis for bilayer graphene bubbles. Comparatively, a much 
higher interfacial shear stress of 1.64 MPa was determined for 
monolayer graphene on a silicon oxide substrate (Figure 5f). 
However, these values were derived from Raman spectroscopy 
measurements with a spatial resolution of ≈1  µm and thus 
can be treated as spatially averaged interfacial shear proper-
ties of bilayer graphene. Recently, rich interfacial behaviors 
were observed from 2D material bilayers and heterostructures 
with characteristic length scales of a few nanometers.[24,25,94] 
For example, the interface in graphene bilayer and gra-
phene–hBN heterostructure may rotate itself and cause 
strain in the 2D material lattice, driven by the vdW interac-
tion.[24,94] Overall, research about 2D material multilayers and 
heterostructures is still considered to be in its beginnings  
(as illustrated later).[85,95]

4.2. Interfacial Adhesion

Extensive studies on macroscopic film/substrate systems have 
shown the essential role of interfacial adhesion in their col-
lective mechanical behaviors.[42,96] Notably, many interesting 
out-of-plane deformation characteristics were observed and 
explained by comparing the elastic energy of the film with the 
interfacial adhesion.[76,77] For example, in a buckle with small 

amplitudes, the balance between adhesion (which favors large 
areas of contact) and bending energy (which is minimized 
for the buckle of large widths) dictates a constant curvature of 
the buckle crest: / ~ /2d Bλ γ∆ .[76,97] d  and λ  are the width 
and height of the buckle, / 2d λ  represents the crest curvature, 

γ∆  is the interfacial adhesion, and B  is the bending rigidity 
of the film. Similarly, in a bubble or tent (also called circular 
blister), the bending energy is negligible, while competition 
between the stretching energy of the film and the adhesion 
leads to a constant aspect ratio: / ~ ( / )1/4h a Etγ∆ .[77] h  and a 
are the height and the radius of the blister, E  is the Young’s 
modulus of the film, and t  is the film thickness. Interest-
ingly, these simple scaling relations, observed in bulk systems, 
are also true for the 2D material/substrate system. Examples 
include the constant crest curvatures of buckles formed by 
MoS2 on silicone,[98] MoS2 on poly(dimethylsiloxane), as well as 
the constant aspect ratios of bubbles (Figure  6a,b) formed by 
graphene on hBN, hBN on hBN, MoS2 on hBN, MoS2 on MoS2, 
and many more.[52,78]

A straightforward output of those out-of-plane features in 2D 
material/substrate systems is to estimate the adhesion between 
the 2D material and its substrate. Graphene tents supported by 
nanoparticles have been made, and their aspect ratios have been 
utilized to measure the adhesion between graphene and its sil-
icon substrate.[99] Recently, Deng et al. demonstrated the use of 
the crest curvature in a wrinkled MoS2 to determine the adhe-
sion energy between MoS2 and its substrates.[98] More recently, 
Sanchez et al. developed a theoretical framework for estimating 
the work of adhesion of various 2D material interfaces using 
the experimentally measured aspect ratios of 2D-material bub-
bles (Figure 6c).[78] Moreover, as bubbles are almost inevitable 
when transferring 2D materials to a substrate in 2D mate-
rial devices, a comprehensive adhesion map for various 2D 
interfaces may be constructed by “reading” bubble profiles 
(Figure 6c).[51–53,56] Knowing the interfacial adhesion of the 2D 
material to its substrate will be particularly convenient for the 
design of strain engineering devices of 2D materials through 
out-of-plane deformation modes. As above discussed, many fea-
tures, such as the curvature of a buckle and the aspect ratio of 
a bubble or a tent can be predicted by comparing the elastic 
properties of 2D materials to the adhesion, and the associated 
in-plane strain is directly related to these features according to 
classical thin-plate theories.[9,46] Also, many behaviors, such as 
the onset of buckle delamination, wrinkle-to-buckle transition, 
conformability of the 2D material to a patterned substrate, and 
so on, may be deterministically designed, before actually fabri-
cating these out-of-plane deformed devices.[39]

5. Applications, Challenges, and Opportunities

The strain engineering in silicon-based semiconductors has 
shown gigantic commercial success already, where a few per-
cent of mechanical strain can achieve dramatic acceleration 
in carrier mobility by up to a few hundred percent. Exten-
sive efforts are moving the strain engineering technology 
forward from silicon to 2D materials, which are intrinsi-
cally deformable. Extensive demonstrations have highlighted 
the essential role of mechanical strains in tuning the band 
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structure of 2D materials. For example, asymmetrically distrib-
uted strain distributions can effectively open the band gap of 
semimetallic graphene sheets.[30,100] Transitions from direct to 
indirect band gap or from semiconductor to metal have further 
been reported by stretching TMDs.[36,101] For low-symmetry 
2D materials such as black phosphorus, ReS2, and so on, the 
band-gap response to mechanical strain becomes particularly 
sensitive to the loading direction.[49,102,103] More broadly, many 
fundamentals of 2D materials, including mechanical, optical, 
thermal, piezo/flexoelectrical, electromagnetic, and even cata-
lytic, can be tuned and even substantially changed by straining 
their lattices, which are creating new physics and new applica-
tions. The readers are referred to comprehensive reviews for 
exciting details.[6,14,84,103,104] We conclude by discussing the 
current challenges limiting the development of the strain engi-
neering of 2D materials, along with possible opportunities for 
future research as follows.

5.1. Synthesizing 2D Materials Capable of Surviving Large Strain

The family of 2D materials is becoming increasingly extended. 
Their applications, especially for strain-engineering purposes, 
implicitly depend on the mechanical properties for structural 
reliability and functional performances.[6] Most of these atomi-
cally thin layers are theoretically predicted to offer much larger 
strain limit compared to their bulk counterparts. Some of them, 
such as graphene and black phosphorus, have manifested their 
deformability (>10%) in nanoindentation tests.[82] However, 
microcracks might appear in 2D material/substrate devices at 
even 1% strain level, which have been frequently attributed to 
defects in the 2D lattice and brittleness of 2D materials.[12,105] 

In general, the emergence of defects in 2D materials, such as 
dopings, vacancies, and grain boundaries, might be inevitable 
either because of the fabrication process for mass production 
or because of functional requirements by which 2D mate-
rial devices operate. Familiar examples are boron/nitrogen-
doped graphene for band-gap opening and strained MoS2 with 
S-vacancies for enhanced catalytic activity.[64,106] Therefore, it is 
still an open question to design 2D material from the atomic 
level for diverse functionalities without loss in (or even with 
enhanced) deformability.[107]

5.2. Applying Strain Magnitude and Distribution

Though various types of in-plane and out-of-plane modes have 
been proposed to deform 2D materials, both the strain mag-
nitude and distribution are far from arbitrarily controlled. 
The bending-dominated modes (e.g., wrinkles and buckles) 
typically produce limited strain magnitude and periodic dis-
tributions.[46,49] By stretching-dominated modes (e.g., in-plane 
modes and bubbles), the effect of strain on the electronic 
properties of 2D materials was only reported based on strain 
levels of less than 6%.[89] Interesting physical and chemical phe-
nomena emerging at large strain level or specific strain state 
shall be further experimentally investigated. Examples include 
the structural phase transition of MX2 (likely appearing at large 
biaxial strain),[19,108] the uniform pseudomagnetic field in gra-
phene (resulting from the uniform strain gradient),[109] the 
unique flexoelectricity in 2D materials (favoring maximal strain 
gradient),[6] and so on. In addition, although molecular simula-
tions have demonstrated interesting wrinkling patterns associ-
ated with shear, realizing shear deformations in 2D materials 
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Figure 6.  Interface adhesion. a) Aspect ratios as a function of the base radius for graphene (blue symbols) and monolayer hBN on bulk hBN 
(red symbols). Right inset: Aspect ratio of the bubbles as a function of their volume. b) Aspect ratio of MoS2 bubbles on hBN and MoS2 substrates. 
Inset: AFM image of a typical MoS2 bubble. a,b) Reproduced with permission.[52] Copyright 2016, Nature Publishing Group. c) Work of adhesion values 
for various 2D material interfaces estimated according to blister profiles, including many interfaces found in 2D heterostructures. Reproduced with 
permission.[78] Copyright 2018, National Academy of Sciences.
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is still experimentally elusive, which may present an alternative 
and useful deformation mode for the strain engineering of 2D 
materials.[110]

5.3. Characterizing the vdW Interfaces

We may claim that in these in-plane and out-of-plane defor-
mation modes summarized above, both strain magnitude and 
strain distribution can be estimated by understanding the asso-
ciated interface. However, the rich interfacial behavior when 
2D materials sit on a periodic potential (especially 2D mate-
rials on 2D materials—multilayers and heterostructures) is 
not completely clear so far. Recent observations of time- and 
temperature-dependent behaviors in 2D multilayers and heter-
ostructures, such as self-folding, self-tearing, self-cleaning, and 
self-rotating, have highlighted the importance of mechanics 
within these ever-thin interfaces.[23,111] Unconventional super-
conductivity in so-called magic-angle graphene has further 
excited studies of new physics in slightly twisted 2D multilayers 
and heterostructures.[93] In these systems, the interface energy 
strongly couples the strain energy of the 2D material, leading 
to nanometer-sized hexagonal domains termed Moiré pat-
terns.[85,94] The overall electronic and optoelectronic properties 
may hinge tightly on both the global strain in the layered struc-
tures (applied by the strain engineering techniques) and the 
local energy competition in the Moiré patterns (affected by the 
lattice mismatch, the twisting angle, and the type of materials) 
in a complex manner.[112] Such facts also call for both experi-
mental and theoretical efforts to address this outstanding issue.

6. Conclusion

We have focused mainly on recent experimental achievements 
of in-plane and out-of-plane deformations in 2D materials and 
experimental characterization of the crucial role of 2D material–
substrate interfaces in governing these deformations. Both the 
fundamental physics and exciting applications may emerge by 
taking advantage of deterministic control of the deformation and 
strain of 2D materials. We have also discussed the current chal-
lenges and potential opportunities in this interdisciplinary field 
for possible future research regarding physics, material sciences, 
and mechanics. However, only time will tell if 2D materials can be 
exploited as next-generation semiconductors in a scaled-up, reli-
able, cost-effective way, and if the strain engineering can achieve 
significant success from 2D materials as it did from silicon.
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