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a  b  s  t  r  a  c  t

Strain  engineering  is  the  process  of  tuning  a material’s  properties  by  altering  its  mechanical  or  struc-
tural  attributes.  Atomically  thin two-dimensional  nanomaterials  (2DNMs),  which  have been  extensively
studied  in  recent  years,  are  particularly  well-suited  for strain  engineering  because  they  can  withstand
large  strain.  Thermal  vibration,  surface  adhesion,  substrate  deformation,  pre-stretched  substrate,  epi-
taxial grown,  thermal  expansion  mismatch,  substrate  topography  modification,  pressurized  blisters  and
tip indentation  can  lead to  strain  in 2DNMs.  Strain  in  2DNMs  can  modify  their  atomic  structure,  lattice
vibration,  thermal  conductivity,  electronic  and  optical,  electrical  and  device  performance,  and  chemical
activities.  This  review  focuses  on the  structural  and  mechanical  properties  of various  2DNMs,  different
experimental  strategies  to induce  strain  and  modify  properties,  and  applications  of  strained  2DNMs.  Also,
the review  proposes  prospective  research  areas  for  future  strain  engineering  studies  in 2DNMs.
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Introduction

The physical properties of most of the materials can be tuned
over a wide range via strain engineering by mechanically shift-
ing its structures (e.g. bond length, angle, and relative positions
of atoms) [1–7]. However, because of the existence of the lat-
tice defects in bulk three–dimensional materials, the low failure
strains (about 0.1%) of bulk crystalline materials limit the extent
to which their properties can be modified mechanically [8,9].
Two-dimensional nanomaterials are particularly promising can-
didates for strain engineering and related applications because
they can withstand larger strain before rupture [10]. In 2DNMs,
strain changes atomic bond-configurations (length, angles and
strength), and the interaction between electronic orbitals, which
in turn enables a control on the properties of 2DNMs providing
a fertile library for advanced applications. For example, due to a
unique combination of its crystallographic, electronic and chemi-
cal structure, graphene exhibits extraordinary properties [11]; and
further, strain engineering in graphene can modify its electronic
structure, create polarized carrier puddles, induce pseudomagnetic
fields, and alter surface properties, which have been well investi-
gated and summarized in previous studies and reviews [12–14].
Other 2DNMs (h-BN, phosphorene, transition metal dichalcogenide
(TMDs), silicene, germanene and stanene) have been extensively
studied in the recent decade. It is expected that strain engineering
could also shed light on the modification of properties of 2DNMs
beyond graphene. Here, we focus on several aspects of the strain
engineering of these 2DNMs. Firstly, the atomic structure of these
2DNMs is different from graphene, which leads to different struc-
tural responses to the strain. We  overview the atomic structures
and mechanical properties (geometry structure, thickness, Young’s
modulus, tensile strength, Poisson’s ration, and ultimate strain) of
these 2DNMs. Further, the experimental methods and strategies
for introduction of strain in 2DNMs are outlined, such as (a) intrin-
sic thermal ripples and lattice mismatch ripples, (b) thin film and
rigid substrate interactions (mechanical exfoliation, epitaxial inter-
action and thermal expansion mismatch), (c) chemical doping and
absorption, (d) bending and stretching of flexible substrates, (e)
relaxation of pre-stretched substrates, (f) substrate surface topog-
raphy modification, (g) pressurized blisters and tip indentation of
suspended 2DNMs, and (h) piezoelectric substrate actuation. We
also summarize the modification in structure, phonon vibrations,
thermal conductivity, polarization, phase transition, electronic and
optical properties, electrical and device performance, and chemical
activity of 2DNMs by strain engineering. Finally, we discuss some
important topics in the future research of the strain engineering
of 2DNMs, such as strain responses of anisotropic 2DNMs, strain
engineering in heterostructure structures of 2DNMs, 2DNMs with
defects and strain engineering in other two-dimensional thin film
materials.

Structure and mechanical properties of two-dimensional
nanomaterials

Different from the defect-dominated response to strain in three-
dimensional materials, the strain in 2DNMs is characterized by the
modification of the atomic structure and mechanical properties of
these atomic thin layers. Induced defects are certainly important in
the strain engineering of 2DNMs [18–20]; however, that discussion
is beyond the scope of this review, which covers only the strain in
2DNMs that does not cause lattice defects. The structure constants
and mechanical properties of typical 2DNMs are summarized in
Table 1. First, graphene is a well-studied 2DNMs, it is one atomic
thick of carbon atom arranged in a honeycomb lattice [21]. Due to
the hexagonal arrangement of carbon atoms, the graphene can be
terminated with a zigzag edge and an armchair edge. Further, the
edge structure, and termination play important roles in the prop-
erties of graphene. Theoretically, the thickness of the graphene is ∼
0.35 nm (the thickness of one layer of carbon atom in graphite) [22].
However, the value of thickness of graphene in the experiments is
extended to much larger range (0.35 to 1.7 nm)  [23,24]. Graphene
is the strongest (measured) materials with a Young’s modulus of
∼1 TPa and a tensile strength of ∼130 GPa [22]. Extensive stud-
ies have shown that the Poisson’s ratio of graphene is ∼0.165 [25].
However, recently, an investigation pointed out that the graphene
experiences a transition from positive Poisson’s ratio to negative
Poisson’s ratio (independent of its size and temperature) at high
strain (above 6%) and this negative Poisson’s ratio results from
the interplay between bond stretching and bond-angle bending in
graphene lattice under strain [26].

h-BN

h-BN is isostructural to graphene with boron and nitrogen atoms
occupy the A and B sublattices of a 2D honeycomb lattice (so-called
white graphene). The bond length of B − N is ∼1.44 Å, and that of
C − C in graphene is ∼1.42 Å. Thus, the lattice mismatch between
graphene and BN is small (∼1.6 to 2%) [27,28]. h-BN is very planar,
absence of dangling bonds, thermal and chemical inert with large
bandgap (∼ 6 eV), and small mismatch to graphene, which makes
it one of the best substrate materials for the graphene electron-
ics [29]. The thickness of monolayer h-BN is ∼ 0.42 nm [30], with
a theoretical thickness (interlayer spacing is ∼ 0.33 nm). The in-
plane Young’s modulus is less than graphene, which is ∼ 279.2 N/m
(664.8 GPa) and Poison’s ratio � = 0.2176. And the tensile strength
is 8.8 ± 1.2 N/m (21.0 GPa), which is much smaller than its Young’s
modulus [31–33].

Phosphorene

Phosphorene is a two-dimensional nanomaterial of phospho-
rus atoms. Similar to graphene, monolayer phosphorene can be
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produced by exfoliation of bulk black phosphorus. However, in
a monolayer phosphorene, each phosphorus atom is covalently
bonded with three adjacent phosphorus atoms to form a puck-
ered honeycomb structure with notable non-planarity in the shape
of structural ridges. The bulk lattice parameters are a1 = 3.36 Å,
a2 = 4.53 Å. The thickness of the monolayer phosphorene is ∼0.5 nm
[34]. The quasi-two-dimensional puckered layer structure helps to
keep orientation order between adjacent phosphorene monolay-
ers and induces a strong anisotropy in phosphorene structure, as
shown in Fig. 2a to d [34,35]. Therefore, the mechanical properties
of phosphorene are found to be highly anisotropic and nonlin-
ear. Specifically, the in-plane Young’s modulus is 41.3 to 44 GPa
in the direction perpendicular (armchair) to the pucker and 106.4
to 166 GPa in the parallel direction (zigzag). The ultimate strains
are 0.11 and 0.48 in the armchair and zigzag directions, respec-
tively [36]. The tensile strengths of monolayer phosphorene are up
to 8 GPa and 18 GPa in the armchair and zigzag directions, respec-
tively. Poisson’s ratio in the zigzag direction (� = 0.62) are 3.8 times
larger than their counterpart in the armchair direction (\� = 0.17)
[37,38]. Interestingly, to accommodate the tension in the plane,
the puckered monolayer phosphorene expands in the out of plane
direction under a tensile strain, which leads to a negative Poisson’s
ratio in the out of plane direction [39]. These unique mechanical
properties of phosphorene in the two directions results from its
puckered crystal structure (Fig. 2).

Buckled hexagonal crystal structure: Silicene, Germanene, and
Stanene

Similar to carbon atoms, silicon, germanium, and tin atoms can
also form 2DNMs with one layer of atoms arranged in hexagonal
lattice. These 2DNMs corresponding to the Si, Ge or Sn are named
(Xene) silicene, germanene, and stanene, respectively. However,
bond lengths in these Xene (e.g. ∼2.28 Å of silicene and ∼3.82 Å
of germanene) [40] are larger compared with graphene (∼1.42 Å),
which prevents these larger carbon family (Si, Ge or Sn) atoms
from forming strong � bonds, thus leading to deviations from
the sp2 hybridization. Therefore, silicene, germanene, and stanene
adopt buckled hexagonal honeycomb structures with two trian-
gular sublattice-stacks, unlike graphene, which is planar (without
considering the intrinsic ripples), as shown in Fig. 2e and f. To stabi-
lize their hexagonal arrangements, the buckling of the Xene atoms
brings them closer together to enable a stronger overlap of their �-
bonding of pz orbitals, resulting in a mixed sp2 – sp3 hybridization.
The vertical buckling constant (�)  (distance between the top and
bottom atoms of the 2D-Xene crystal structure (Fig. 2f)) is related to
the bond angle between the framework atoms and the hybridiza-
tion of the atomic orbitals. Therefore, � in graphene is 0 Å, since it is
planar with 120◦ of bond angle (pure sp2 hybridization of C atoms),
and � in freestanding stanene is up to ∼0.85 Å, with almost pure sp3

hybridization of Sn atoms [13]. The thicknesses of Xenes vary from
0.32 to 0.4 nm [41], as shown in Table 1. Xenes are mechanically
anisotropic due to their anisotropic buckled 2D structures [42–45].
For example, an anisotropic Young’s modulus (50.44 N/m for zigzag
direction, 62.31 N/m for armchair direction) was determined in
monolayer silicene; tensile strength on the order of 5.85 N/m and
ultimate strain on the order of 18% of monolayer silicene.

Transition metal dichalcogenides (TMDs)

In structures of TMDs, each layer typically has a thickness of
0.6–0.7 nm,  which consists of a hexagonally packed layer of metal
atoms sandwiched between two layers of chalcogen atoms as
shown in Fig. 1c and d [16,47]. The intra-layer metal (M)  – chalco-
gen (X) bonds are predominantly covalent, the M M bonds length
varies between 3.15 Å and 4.03 Å, because of the size variation of the



S. Deng et al. / Nano Today 22 (2018) 14–35 17

Fig. 1. Schematic of planar 2DNMs. Monolayer of graphene (a), h-BN (b), and MoS2(c). (b) Adapted with permission. Copyright 2014, Royal Society of Chemistry [15]. (c)
Adapted with permission. Copyright 2011, Nature Publishing Group [16]. (d) Side view schematic illustration of the 1 T/2H type structures of MoS2. Adapted with permission.
Copyright 2015, Multidisciplinary Digital Publishing Institute [17].

Fig. 2. Schematic of buckled 2DNMs. (a) Schematic of phosphorene; Adapted with permission. Copyright 2014, Nature Publishing Group [34]. (b) Atomic models of phospho-
rene;  Adapted with permission. Copyright 2016, American Chemical Society [46]. Top view (c) and side view (d) of phosphorene. Adapted with permission, Copyright 2015,
Royal  Society of Chemistry [40]. (e) Schematic of a monolayer of silicene; Adapted with permission. Copyright 2015, Nature Publishing Group. (f) atomic models (bird’s eye
view  and side view) of hexagonal ring of silicene; (g) High resolution STM image of silicene. (e) and (g) Adapted with permission. Copyright 2015, Nature Publishing Group
[41].

metal and chalcogen ions. These bond lengths are 15–25% greater
than the bond-lengths for elemental transition metal solids, reveal-
ing limited spatial overlaps of the d orbitals in TMDs. The lone-pair
electrons of the chalcogen atoms terminate the surfaces of the lay-
ers, and the absence of dangling bonds makes those layers stable
against reactions with environmental species. The sandwich lay-
ers are coupled by weak van der Waal’s forces in bulk TMDs, thus
allowing the crystal to readily exfoliate along the layer surface like
graphite and bulk components of other 2DNMs [48]. MoS2 is the

most extensively studied TMD  in recent years. It usually consists
of a mixture of two major crystals of similar structures, so-called
2H (hexagonal) and 1 T (trigonal) phase as shown in Fig. 1d. The
2H phase of MoS2 is more common and possesses semiconduct-
ing properties, however, the 1 T phase MoS2 is metallic. Chemical
lithium intercalation induces a phase change in MoS2 from the 2H
to the 1 T phase, and on the other hand, the 2H phase can transform
from 1 T phase by annealing [49,50].
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Experimentally, the in-plane Young’s modulus of monolayer
MoS2 is 270 ± 100 GPa, with the average tensile strength of ∼23
GPa and ultimate strain of ∼ 11%. Poisson ratio of MoS2 is 0.27
[51]. However, theoretically, the deformation and failure behav-
ior are anisotropic. For example, calculations suggest that MoS2
should undergo anisotropic nonlinear elastic deformation up to
an extra-large ultimate strains: 0.24, 0.37, and 0.26 for armchair,
zigzag, and biaxial deformation, respectively [52]. More anisotropic
mechanical parameters of TMDs are shown in Table 1. Further, MX2
(MoS2 and WS2, MoSe2, WSe2, and so on) have similar lattice con-
stants and elastic properties from theoretical simulations [53,54].
In fact, strain-energy relationship of MX2 monolayers from calcu-
lation has shown that the Young’s modulus and tensile strength
decrease when X changes from S to Te, and M changes from W to
Mo.  The calculated Poisson’s ratios of TMDs monolayer are around
0.2 to 0.3, and the Poisson’s ratio of TMDs along the zigzag direc-
tion is found to be larger than that along the armchair direction as
shown in Table 1 [54,55].

It is important to mention that even values of mechanical
properties along zigzag and armchair directions are anisotropic
(theoretically); however, these anisotropic mechanical properties
are not identified in most experimental studies [56–59]. Recently,
it was shown that the bending rigidities of a single-layer MoS2
is slightly higher along the zigzag direction than that along the
armchair direction based on the analysis on two competition mech-
anisms (two-dimensional elastic modulus of monolayers and the
structural relaxation of nanotubes). The relative trend in the mag-
nitude of bending rigidities for different TMDCs is MoS2 < MoSe2 <
WS2 < WSe2 [60].

Strain introduction methods in two-dimensional
nanomaterials

Strain can exist in both planar and buckled (rippled, wrinkled
and crumpled) 2DNMs. Buckled structures, out-of-plane deforma-
tion, are formed to relax a portion of the strain in 2DNMs. Compared
to uniformly or locally distributed single strain (either tensile or
compressive) in planar film, corrugations in 2DNMs contains spa-
tially separated tensile and compressive strain simultaneously (e.g.
tensile strain at the ridge and compressive strain at the valley of
wrinkles). Here, we incorporate formation of bucked 2DNMs into
methods of strain introduction, since the strain in these bucked
2DNMs has the same effect as the that of the strain in planar 2DNMs.
Experimentally, the strain in 2DNMs are mostly induced through
their interaction with substrates, since they are extremely thin
and fragile to handle. Therefore, the interactions (strong adhesion
in most cases) between 2DNMs and substrates are crucial for the
strain engineering. Additionally, there are other methods to induce
strain in suspended 2DNMs, like pressurized blisters method and
tip indentation.

Intrinsic ripples

Similar to graphene, other suspended monolayer 2D crystals are
expected to be unstable due to the thermodynamic requirement
for the existence of out-of-plane bending with interatomic inter-
action generating a mathematical paradox [73,74]. The stability of
the pseudo 2D materials is achieved by ripple formation result-
ing from the partially decoupled bending and stretching modes.
Spontaneous ripples in MoS2 was demonstrated experimentally
and theoretically [75,76]. Small ripples with length L ≈ 6–10 nm,
which corresponds to a ripple height h ≈ 6–10 Å are observed in
mechanical exfoliated monolayer MoS2. The typical ratio between
the lateral ripple size L and their height h is ∼10. The thermal fluc-
tuated ripples also were predicted in the stanene monolayer at

room temperature as shown in Fig. 3a. Due to the small Young’s
modulus of the stanene, the size of these thermally induced rip-
ples in stanene are larger than the size of ripples in silicene and
graphene (ripple size: graphene < silicene < stanene). [77]. Inter-
estingly, for the phosphorene under strain, the small ripple and
wrinkles only form in the zigzag direction but not in the arm-
chair direction [78]. For the unsupported lateral heterostructure
of 2DNMs, the lattice mismatch induced strain can be relaxed
through out-of-plane ripples. However, on substrate supported
heterostructure, this interfacial strain is relaxed by forming five-
seven membered ring (graphene/h-BN interface) dislocation with
small perpendicular penetration if the out-of-plane deformation is
excluded [28,79,80].

Mechanical exfoliation

Because of their relative weak interlayer interaction (van deer
Waals), 2DNMs can readily exfoliate to monolayer or thin layers by
disrupting the interlayer interactions mechanically and/or chemi-
cally. In the mechanical exfoliation method, the interfacial adhesion
force between samples and substrates pulls the MoS2 sheets into
intimate contact with substrates surface, 2D nanomaterials experi-
ence a separation from the bulk materials. During the release of the
tape, its adhesion with 2DNMs on the substrate surface may lead
to thin layers of 2DNMs partially delaminating from the substrate
surface. In some cases, for mechanical equilibrium to be reached
requires the 2DNM to contract to form the wrinkle as shown in
Fig. 3b. The interplay between bending energy of the 2DNMs flakes
and interfacial adhesion energy leads to the formation of wrinkles,
and in turn, uniaxial strain in the 2DNMs flakes.

Epitaxial grown, thermal expansion mismatch, critical thickness
and strain relaxation in heterostructures

Compared to the top-down exfoliation methods, bottom-up
epitaxial and non-epitaxial growth methods (chemical vapor depo-
sition (CVD) and molecular beam epitaxy (MBE)) can produce
large-scale of 2DNMs on various substrates. A typical CVD growth
process of 2DNMs includes substrate-surface reactions [85,86],
sublimation, evaporation and/or reduction of solid metal precur-
sors in reducer vapors (e.g. sulfur and selenium) [87]. On the other
hand, high purity elemental precursors sublime and then condense
(e.g. silicon) [41] or react (metals and selenium) [88–91] on the sub-
strate surface in the MBE  process. In bottom-up epitaxial processes,
surface (chemical, lattice and topographic) properties of the sub-
strate significantly affect the structure and properties of the 2DNMs
grown on it. CVD is the most efficient and promising method to
produce large area of 2DNMs [92–94]. Because of different ther-
mal  expansion coefficients and lattice constants of substrates and
2DNMs, non-uniform and localized strain (lateral) is expected to
build-up on the 2DNMs during the CVD process. Heteroepitaxy
grown thin films are strained up to a critical layer thickness (order
of a few nanometers) [95–97]. In the case of the heterostructure of
the 2DNMs, two  different interfaces exist: a two-dimensional inter-
face for vertical heterostructure and one-dimensional interface for
lateral heterostructure. The critical thickness in both vertical and
lateral heterostructures depend on the lattice constant mismatch at
the interface with the larger critical thickness expected for higher
lattice mismatch. However, different from their three-dimensional
counterparts, the two-dimensional thin film can form out-of-plane
deformations to relax the interfacial strain without the introduc-
tion of dislocations. In some cases, the interfacial strain relaxes at
the one-dimensional interface with short penetration distance via
the formation of misfit dislocations as shown in Fig. 3e. The inter-
facial strain, as well as the thickness of the relaxation layer, also
depends on the other interfacial properties, like interface defect
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Fig. 3. Strain introduction in 2DNMs. (a) Ripples in monolayer stanene caused by thermal fluctuations. Adapted with permission. Copyright 2016, American Chemical Society
[77]. (b) SEM image of MoS2 wrinkles on SiO2 by mechanical exfoliation method. Adapted with permission. Copyright 2017, American Chemical Society [81]. (c) Schematic
of  substrate bending for compressive and tensile strain introduction to WS2/MoS2 vertical heterostructure. Adapted with permission. Copyright 2017, American Chemical
Society [82]. (d) STEM image (left) and its strain map  (right) of a MoS2 1D channel formed from an intrinsic 5|7 dislocation in WSe2. Copyright 2017, Nature Publishing Group
[83]. (e) Magnified STM image of misfit disorder at graphene/BN boundary. Adapted with permission. Copyright 2014, American Chemical Society [28]. (f) Transmission-mode
optical image of a ripples 10 nm thick black phosphorus flake. The inset is a sketch of the crystal lattice orientation. (g) Atomic force microscopy topography image for the
dashed  line rectangular region in (f). (f) and (g) Adapted with permission. Copyright 2016, American Chemical Society [57]. (h) Schematic of the thermal expansion mismatch
experiments with MoS2 on SiO2 (f) and PDMS substrates (g). Adapted with permission. Copyright 2015, IOP Publishing Ltd [84]. (i) Schematic of prestretched substrate
method, and (j) a SEM characterization results of wrinkled MoS2 on substrata. Adapted with permission. Copyright 2013, American Chemical Society [56].

and inter-weak layer. The high defect-density and large relaxing
ability of interlayer are expected to reduce the lattice-mismatched
interfacial strain and critical thickness [28,79,80].

Since the thickness of single and few atomic layers of the 2DNMs
are below the critical thickness, interfacial strain cannot be com-
pletely compensated by the formation of the misfit dislocation in
the vertical heterostructure of 2DNMs [97,98]. Compressive strain
accumulates in the MoS2 film when it stacks on carbon because of
the lattice-mismatched carbon-MoS2 interface. Base on this phe-
nomenon, large-scale bucked MoS2 thin films were produced by
treating molybdenum metal thin films on CVD graphene covered
on the SiO2 surface in the sulfur atmosphere [99]. Additionally, pre-
patterned sapphire substrates were interfaced with bilayer MoS2
during epitaxial growth for in situ introduction of the compressive
strain. The magnitude of strain could be controlled by modifying
the geometric shape of the protuberance (cone and pyramid) [100].
Similarly, the large scale of tensile strain in the MoS2 thin film
interfaced with a SiO2 substrate with anisotropic patterns was also
reported [101,102]. Tensile strains in CVD-grown MoS2 and WS2
on SiO2 can be released after transferring to new substrates [103].
Further, strain-free MoS2 can be synthesized on epitaxial graphene
on SiC, due to the strain relaxation in the van der Waals gap
[100–102,104]. An experimental study on one-dimensional (lat-
eral) heterostructure was recently reported by Xie et al. Different
TMD  monolayer-superlattices, repeated and laterally integrated
were produced by precisely controlling respective precursors in
the CVD process. Tensile strain due to lattice mismatch between
WS2 and WSe2 at the interfaced led to ripple formation. The mag-
nitude of the strain was  tuned by the relative width between WS2
and WSe2 lattices. These ripples in WSe2 transitioned from contin-
uous to discontinuous with the width of the WSe2, attributed to

the strain relaxation (misfit dislocations). The abnormal coherence
length (∼320 nm)  may  be caused by a combination of the lattice
and substrate mismatch [105].

Chemical doping and absorption

Compressive strain can be introduced by a decrease of lattice
constant with incorporation of smaller atoms into 2DNMs. After
exposing of MoS2 in N2 plasma, chalcogen sulfur atoms in MoS2
were substituted by nitrogen. Mo-N bond was compressive caus-
ing contraction of the MoS2 lattice, which was evidenced by the
blue-shift of the E1

2g peak and crack-formation [106]. Hydrogen
intercalation of sulfur vacancies in MoS2 was reported to induce
tensile strain in MoS2 lattice [107].

Deformation of flexible substrates

2DNMs have been transfered onto flexible substrates (PMMA,
PDMS, PET and Polycarbonate) for bendable electronics applica-
tions. By applying tensile stress or compressing on the two side of
the substrates (Fig. 3c), 2DNMs experience the strain similar to that
experienced by the substrate, assuming there is no relative slip [59].
For example, in one work MoS2 thin films were mechanically exfo-
liated and deposited onto a layer of cross-linked SU-8 photoresist
covered polycarbonate. Titanium clamps were then evaporated to
prevent MoS2 from slipping against the substrate. Uniaxial strain
was applied to MoS2 by controllably bending the polycarbonate
substrate in a four-point bending apparatus [58,108]. Addition-
ally, similar to the graphene wrinkle-engineering, 2DNMs thin film
was transferred on the pre-stretched substrates. The release of
uniaxial tension in the elastomeric substrate enabled formation



20 S. Deng et al. / Nano Today 22 (2018) 14–35

of well-aligned one-dimensional periodic wrinkles in the 2DNMs.
This method reproducibly generates large-scale wrinkles (microm-
eters in height, separated by tens of micrometers) for thick MoS2
flakes (more than 10–15 layers), while thin MoS2 layers (3–5 lay-
ers) exhibit wrinkles that are between 50 and 350 nm in height
with wavelength of few micrometers (Fig. 3i and 3 j) [56]. Same
method was employed to study the strain effect in black phospho-
rus, where the experiments and characterizations were conducted
in short period of time to avoid degeneration of black phosphorus,
as shown in 3f and 3 g [109]. Here, the size of the wrinkles can be
controlled by tuning different parameters, like, the Young’s mod-
ulus of the substrate, thickness of the thin film, and the interfacial
adhesion between the thin film and substrate. In another process,
MoS2 on heated PDMS substrate causes thermal expansion of the
MoS2; however, due to its larger thermal expansion coefficient, the
PDMS substrate can induce an additional biaxial strain in MoS2 as
shown in Fig. 3h. In comparison, smaller strain is induced in the
reference samples with MoS2 on SiO2, which is due to the smaller
thermal expansion coefficient of SiO2 and smaller thermal expan-
sion mismatch between MoS2 and SiO2. Laser beam can also be
applied as a heat source to induce local heating and regionally con-
trolled strain in the MoS2; however, the maximum strain achieved
by this method is small (∼0.2%) [84].

It should be noted that the magnitude of the strain in the sub-
strate is not necessarily equal to the strain in the 2DNMs on the
strained substrates. To achieve high strain transfer efficiency from
the substrate to the 2DNMs, the interfacial separation or sliding
must be eliminated. In most substrate bending experiments, two
side of 2DNMs were anchored on the substrate, therefore, the ten-
sile strain in 2DNMs is relative close the strain in substrate (transfer
efficiency ∼ 1) [110]. Without this substrate-film anchor, the strain
transfer efficiency would significantly reduce, like ∼ 12% in WS2
on PDMS experiment [111]. Further, strain relaxation (wrinkles
and cracks) formed under high strain can further reduce the strain
transfer to 2DNMs from substrate [111].

Substrate surface topography modification

2DNMs are very thin (1–3 atomic layers), which means they
are flexible enough to conform to most surface morphologies of
the substrate under them. The relative strong interfacial adhesion
energy between 2DNMs and substrate surface leads to strain accu-
mulation near the protruding features on the substrate surface
[112]. Therefore, the strain in the thin 2DNMs can be manipulated
by tuning the attributes of these protruding feather (size, height,
density, and shape). One of the examples is ‘artificial atom’, which
is transferring a monolayer of CVD produced MoS2 on nanocones on
the surface as shown in Fig. 4a and b. The roughness of the substrate
under 2DNMs plays an important role in the strain formation in the
2DNMs [81,113]. The local topographic curvature induced strain
were also shown in exfoliated MoS2 on gold nanoplates [114] and
CVD grown monolayer MoS2 films on 3D nanoporous gold [115].

Pressurized blisters, blown-bubble and tip indentation

The pressurized blisters method to study strain in 2DNMs was
introduced by Bunch’s group [116]. Mechanically exfoliated or
chemical vapor deposited graphene or MoS2 was transferred on
pre-defined microcavities in oxidized silicon wafers (Fig. 4d to f)
[116,117]. Because of the excellent gas molecular impermeability
of 2D nanomaterials, sealed micro cavities were formed. Samples
were left in the pressure chamber at P0 (outside pressure) for cou-
ples of days to make sure Pint (pressure inside the sealed micro
cavities) equilibrates with P0 through the slow diffusion of gas
through SiO2 substrate. The pressure difference �P  between the
environment (out of sealed micro cavities) Pext and microcavi-

ties Pint deformed the 2DNMs and induced strong tensile strain
in these thin films when the samples were place in a different
pressure chamber (Pext). These pressurized graphene blisters were
also applied to measure the adhesion energy between 2DNMs and
silicon dioxides surface [116,118]. The strain here is biaxial and
relatively large (up to 5%) [116,117]. Similarly, MoS2 thin film was
first transferred to and clamped on a PDMS substrate, the substrate
was bulged into bubble by supply higher gas pressure under it.
The strain was introduced to MoS2 thin film by the curved PDMS
substrate (Fig. 4g). Comparing to the pressure blister method, this
“blown-bubble” PDMS technique is vacuum free and facilitated for
flexible device application [119]. Further, mechanical strain can
also be introduced in 2DNMs by atomic force microscope tips load-
ing on suspended 2DNMs thin film (over two  metal contacts or
holes as shown in Fig. 4c). This method is good for investigation
of the mechanical properties of 2DNMs, like measurement of the
Young’s modulus and tensile stress. However, it may not be prac-
tical for device application [51,67,75].

Piezoelectric substrate actuation

Ding et al. reported on the application of a piezoelectric film
(1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3] (PMN-PT) as a substrate for
introduction of tunable biaxial stress in graphene. A bias voltage
applied to the PMN-PT results in an out-of-plane electric field,
which leads to an in-plane strain, allowing for a smooth variation
of strain (biaxial compressive or tensile) in graphene [120]. A sim-
ilar setup has been applied to study the effect of strain on phonon
vibration and photoluminescence in CVD-grown trilayer MoS2, as
shown in Fig. 4h. To maximize the strain transferred from the PMN-
PT substrate onto MoS2 thin films, graphene was transferred as a
top transparent electrode for voltage supply [108]. The advantage
of this method is the applied voltage can continuously tune tensile
and compressive strain; however, a high voltage is needed even for
a relatively small strain (0.2%/500 V).

Modification of properties and applications

Lattice structure, phonon vibration and thermal conductivity

The strain in 2DNMs introduces changes in the bond lengths
and angles, and in some cases, lattice deformations. This structure
modification under strain, in turn, leads to a considerable change
in the lattice vibration (phonon), and this phonon frequency shift
can be detected in Raman spectroscopy (Fig. 5a). Under biaxial
strains (−2% to 18%), the frequency of in-plane vibration modes in
h-BN goes up and the out-of-plane vibration frequency decreases
almost linearly. The effect of strain on the frequency of the in-plane
vibration modes is larger than that of the out-of-plane vibration
modes [121]. When the uniaxial tensile strain is applied along
the zigzag direction of MoS2, the bond lengths along the zigzag
direction increases with strain gradually, but the bonds along the
armchair direction decrease with strain, and further bond angle
change, resulting in lattice distortion. Additionally, the initial struc-
ture of the monolayer MoS2could be maintained and no structural
transformation takes place at a large biaxial strain (up to 22%),
but imaginary frequencies appear near � points when the strain
is increased up to 25%, indicating structural instability and possi-
ble structural transformation [122,123]. Theoretically, the phonon
mode shifts of the A1g mode (out-of-plane) in MoS2 is not sensitive
to the uniaxial strain, even when the uniaxial strain is increased
up to 20% in monolayer MoS2, but it decreases significantly under
biaxial strain. The frequency of the E1

2g modes shows an obvious
redshift under uniaxial and biaxial tensile strain, since it is due to
in-plane phonon vibration. Further, the asymmetrical shift of S-
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Fig. 4. Strain introduction in 2DNMs. (a) Tilted false-color SEM image of the 2D strained MoS2 crystal by the nanocone array substrate surface modification. Scale bar
is  500 nm;  and (b) AFM topography of the 2D MoS2 strain crystal. Scale bar is 1 mm;  Adapted with permission. Copyright 2015, Nature Publishing Group [113]. [67]. (d)
Schematic (d) and optical image (e) of pressurized blisters. (f) A side view of AFM measurements for pressurized blisters at different pressures, MoS2 layer can be bulged up
or  down depending on whether �p is positive or negative. (d) to (f) Adapted with permission. Copyright 2016, American Chemical Society [117]. (g) Schematic illustration
of  the experimental setup of blown-bubble bulge measurement. Adapted with permission. Copyright 2017, American Chemical Society [119]. (h) Schematic illustration of
configuration of our electromechanical strain introduction device. Adapted with permission. Copyright 2013, American Chemical Society [108].

Mo-S bond in MoS2 lattice under uniaxial strain induces a splitting
of vibration frequency at point � , which leads to the E1

2g mode
splitting into two modes [124]. This frequency splitting does not
occur under the biaxial strain up to 5%, since the lattice symme-
try is maintained in this case [117]. Further, both theoretical and
experimental results have shown that the shift in the positions
of Raman modes in MoS2 linearly depends on applied strain (∼-
5 to −2 cm−1/%), therefore, the strain in MoS2 can be quantified in
Raman spectrum [117,119]. The E1

2g peak of bilayer WSe2 splits to
E1-

2g (phonon mode along the strain direction) and E1+
2g (phonon

mode perpendicular to the strain direction) under strain. The red-
shift of the E1-

2g peak indicates the existence of tensile strain in
the strain direction and the blueshift of E1+

2g peaks shows com-
pressive strain in the perpendicular direction of strain, as shown in
Fig. 5c. This opposite direction of the shift can enable the measure-
ment of Poisson’s ratio based on this strain effect [125]. Moreover,
the E1

2g Peak of WS2 showed a linear dependence (redshift on ten-
sile strain and blueshift on compressive strain) on the strain, as
shown in Fig. 5d and e [82,111]. The shift in Raman modes shows
a clear anisotropy with respect to the crystallographic direction of
applied strain in phosphorene, as shown in Fig. 5f [82]. The redshift
of Raman B2g mode is significant (∼ -11 cm−1/%) when the uniaxial
tensile strain is aligned in the zigzag direction, which is larger than
the shifts of A1

g mode (∼ constant) and A2
g mode (∼ −4 cm−1/%)

in the same strain direction. For uniaxial strain along an armchair
direction, A1

g mode shift ∼ −4 cm−1/%, however, A2
g and B2g modes

stay relatively unchanged. This anisotropic Raman-strain response
can facilitate the determination of the crystallographic orientation
in phosphorene [126]. A similar trend is observed for the uniaxial
strain in the near-zigzag and near-armchair directions [127]. This
extraordinarily anisotropic response of Raman shift is attributed
to the directional-differences in the change of bond-length and
bond-angle in strained phosphorene.

The lattice constants in silicene and germanene increase under
tensile strain. As tensile strain increases from 0 to 5%, the buckling
constants (�)  decreases from 0.44 to 0.24 Å in silicene and 0.64
to 0.60 Å in germanene. The decrease in the buckling constant in
germanene is much smaller than that in silicene for the same strain
range, due to the different atomic radius of Si (∼1.09 Å) and Ge
(∼1.22 Å). The larger atomic radius makes the Ge-Ge bonds less
sensitive to a relatively small strain than Si-Si bonds [128,129]. The
Raman characterization for response of silicene and germanene to
strain are still under investigation, since the silicene and germanene
are unstable in ambient environment.

In general, a tensile strain can lead to a reduction in the thermal
conductivity of nanomaterials, due to the softening of the phonon
modes [131]. Both experimental and theoretical studies showed
that MoS2 under tensile strain displays an obvious redshift in the in-
plane phonon peaks and a positive Grüneisen parameter, indicating
a reduction in thermal conductivity of monolayer MoS2 with ten-
sile strain [58]. This strain-dependent thermal conductance has also
been shown in phosphorene via a theoretical study [130]. Thermal
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Fig. 5. Strain effect on phonon vibration and thermal conductivity in 2DNMs. (a) atomic models and the unit cell of monolayer MoS2. The x and y axes correspond to the zigzag
and  armchair directions, respectively. The change of Brillouin region in reciprocal space under biaxial tensile strain and uniaxial tensile strain. Adapted with permission,
Copyright 2015 Elsevier B.V [122]. (b) The E1

2g and A1g Raman modes for MoS2 peak positions as a function of biaxial strain for different membrane thicknesses. Adapted
with  permission. Copyright 2016, American Chemical Society [117]. (c) Raman spectra of bilayer WS2  under strain; Adapted with permission. Copyright 2014, American
Chemical Society [125]. (d) WS2 E1

2g peak position at different strain (PDMS strain with strain transfer efficiency about 12% to WS2). Insert is the schematic illustration of
the  PDMS stretching for strain introduction in WS2. Adapted with permission, Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. [111]. (e) Evolution of the
Raman spectra of WS2/MoS2 vertical heterostructure; Adapted with permission. Copyright 2017, American Chemical Society [82]. (f) Experimental and calculated evolution
of  the Raman spectra of phosphorene under strain aligned in zigzag and armchair directions. Adapted with permission, Copyright 2016, WILEY-VCH Verlag GmbH & Co.
KGaA,  Weinheim. [126]. (g) zigzag and (h) armchair direction in phosphorene. Adapted with permission. Copyright 2014, American Chemical Society [130].

conductance reduces with biaxial strain in phosphorene, however,
a significant and unusual crystallographic orientation-dependence
of thermal conductance is observed under uniaxial strain, because
of its strong anisotropic buckled atomic structure. The room-
temperature thermal conductance along the zigzag direction is
40% higher than that along the armchair direction without strain
(the anisotropic ratio zigzag/armchair is 1.4). The zigzag-oriented
thermal conductance is enhanced when a zigzag-oriented strain is
applied but decreases when an armchair-oriented strain is applied.
On the other side, the armchair-oriented thermal conductance
always decreases when either a zigzag- or an armchair-oriented
strain is applied. The anisotropy ratio is insensitive to the armchair-
oriented strain, but increases with the zigzag-oriented strain, from
1.4 to 1.6 under 5% tensile strain (Fig. 5g to h). It is expected that
strain engineering may  open a new way for the design of novel
thermal devices based on this anisotropic thermal conduction and
anisotropic strain responses in phosphorene [130].

In addition to the well-known effect of strain on thermal con-
ductivity in materials, it is interesting to mention the dependence of
interfacial thermal resistance on strain for different types of materi-
als. The interfacial thermal resistance increases with tensile strain,
which could be attributed to the different atomic masses induced
different strain shift rates and response at the interface. The strain
in 2DNMs enhances the mismatch between phonon vibrations at
interface and leads to the increase of interfacial phonon scatter-

ing and thermal resistance, which may  be important for 2DNMs
heterostructures [132–134].

Structure, polarization and phase stability

Under strain, the substrate supported 2DNMs are stable because
of interaction with substrates. Liang et al. have shown that inter-
layer van der Waals force is strong enough and no interlayer sliding
during the bending of the substrate in bilayer MoSe2 (up to 1.3%
uniaxial strain) [110]. However, strain induced wrinkles for strain
relaxation was observed under higher strain in WS2 thin film (2–3%
uniaxial strain) [111]. This strain induced out-of-plane deformation
is energy favorite for strain relaxation in free standing 2DNMs [79].
Besides the lattice vibration and structure, the polarization and
phase properties are closely linked to the lattice symmetry and are
expected to be modified with the application of mechanical strain.
For example, the strain dramatically affects the polarization degree
in MoS2. When the strain is increased up to 0.8%, the PL polarization
degree decreases 40% (from 10% to ∼ 6%) in monolayer and ∼ 100%
(6% to ∼ 0) in bilayer MoS2, as shown in Fig. 6a and b [123]. TMDs
can exist in multiple crystal structures, each with distinct electrical
properties, and the two lowest energy crystal structures are often
referred to as H and T [135–137]. The H phase is a semiconduct-
ing phase with for all Mo  and W-based TMDs photon adsorption
bandgap between 1 and 2 eV at ambient conditions. The semi-
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Fig. 6. Structure, polarization and phase stability under strain. PL circular polarization degree as a function of the applied tensile strain for monolayer (a) and bilayer (b)
MoS2; Insert in (a) is a scheme of the band structure for monolayer MoS2 at zero strain and insert in (d) is PL polarization measured as a function of the angle of the applied
strain  to the in-plane crystal orientation under a 0.8% of strain. Adapted with permission, Copyright 2013 American Physical Society [123]. (c) Phase transition of TMDs
under  strain, and the insert is the three phase structures of some typical TMDs. Adapted with permission. Copyright 2014, Nature Publishing Group [136]. (d) Transformation
morphologies in MoTe2 under an in-plane strain. Adapted with permission. Copyright 2017, American Chemical Society [141]. (e) Atomic structures of 2H and 1 T′ MoTe2.
Polymorph of MoTe2 is controlled by in-plane tensile strain., Adapted with permission. Copyright 2015, American Chemical Society [9].

metallic T phase has been found in lithium intercalated MoS2 [49].
Recently, theoretical calculations and experiments have shown that
different stimuli [49,136,138,139], such as mechanical strain could
induce phase transformation in 2D TMDs (Fig. 6c). Elastic deforma-
tions in monolayers of TMDs can be reached through tensile strain
and leads to TMDs phase transformations between semiconducting
2H and metallic 1 T’ structures (1 T’ structures can be thought of as
1 T after a symmetry-reducing distortion), as shown in Fig. 6d and
e [140,141]. Additionally, MoTe2 needs much lower strain (tensile
strain of 0.2%) than other TMDs for the phase transition as shown

in Fig. 6a [9,136]. This strain induced phase transition may lead to
controlled phase production in TMDs synthesis process.

Electronic and optical properties (Bandgap structure, absorption,
exciton, photoluminescence) modification

Because of the significant effect of strain on interactions and
hybridizations of the transition metal (d orbits) and sulfur or sele-
nium (p orbits), strain is an effective strategy for engineering
the bandgap structure and modulating the excitonic behavior in
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2DNMs [82,142]. h-BN is a wide bandgap semiconductor, and Fuji-
moto et al. found that its bandgap decreases as the tensile strain
increases, but increases and then decreases with the increase of
the compressive strain [143]. Most of the strain engineering for the
h-BN has been focused on the heterostructure of h-BN and other
2DNMs, as shown in a later section. The presence of a suitable
range of bandgaps in TMDs and phosphorene opens the possibilities
of photonic application in 2DNMs. The band structures of various
TMDs are similar but with different effective masses and different
values in bandgap [144]. MX2 tends to be stretched and induces
changes in bond lengths/angles. This deformations in bond lengths
and angles play important roles in determining bandgaps, as they
are directly related to the coupling of d orbitals of the M atoms and
p orbitals of the X atoms [124].

MoS2 transistors exhibits a high on/off ratio exceeding 108

[16],and MoS2 photodetectors show high responsivity [145]. Struc-
turally, the � bond-like interaction between inter atomic layers in
MoS2 is strain-sensitive and leads to the reduced bandgap under
tensile strain [122,146]. Since the direct gap is only slightly lower
in energy compared to the indirect gap in monolayer MoS2 in the
density function theory (DFT) calculation [147], relatively small
tensile strains (∼2%) can cause a direct to an indirect gap transition
(Fig. 7a and b) [148,149], which was proven in photoluminescence
(PL) experiments. In this case, the PL intensity of monolayer MoS2
decreases dramatically under strain, as shown in Fig. 7c and d. Even
semiconductor-to-metal transitions at ∼ 8% tensile strain or at ∼
15% compressive strain were shown in calculations [59,150,151].
Further, the direct bandgap structure of monolayer and bilayer
MoS2 has been unveiled to be highly sensitive to strain experimen-
tally with showing a red-shift (Fig. 7d, e, f and 8 a) of absorption
spectrum peaks and photoluminescence (∼50 meV/% strain) for the
uniaxial strain [58,59]. Lloyd et al. recently reported that an up to
500 meV  was tuned by large biaxial tensile strains (∼5%) in a study
of pressurized monolayer MoS2 blisters. In this study, the in-plane
strain has the ability to continuously and reversibly modulate the
optical bandgap of monolayer MoS2 by up to 25% [117].

Additionally, both theoretical and experimental results have
shown that the shift in the photoluminescence energies of MoS2
linearly depends upon the applied strain, therefore, the strain in
MoS2 can be quantified in PL Spectroscopy (Fig. 7c and d). Therefore,
strain engineering is promising for bandgap controlling and tuning
in MoS2 for novel electronic and optoelectronic applications. The
strain in MoS2 does not affect the exciton binding (the difference
between the optical bandgap and transport bandgap) in MoS2; it is
constant (∼0.5 eV) under a biaxial strain up 9%. However, the ener-
gies of electron and hole decrease monotonically with the increase
of the strain, as shown in Fig. 8b. Feng et al. also proposed a solar
energy funnel mode for devices design based on inhomogeneous
mechanical strain in monolayer MoS2 [8].

Plentiful calculations and experiments have been performed to
uncover the strain effect in other TMDs. Compressive/tensile strain
reduces/increases the tungsten (W)– chalcogen (X) bond lengths,
due to an increasing/decreasing coupling between the W and
chalcogen atoms, which also modifies their electronic structures.
Interesting, the value of the bandgap decreases monotonically
under tensile strain in the monolayer of WX2 (up to 2%), and no
direct-indirect bandgap transition. However, under even smaller
compressive strain in WX2 (1% for WS2, 1.5% for WSe2, and 2% for
WTe2), the direct-indirect bandgap transition occurs as shown in
Fig. 8c and 8d. Further, when the samples under compressive strain,
their bandgaps first grow and then decrease and pass through a
maximum. A strong spin splitting depends on the strain and the
splitting is maintained for the valence band in all three compounds
under large strain [146,152].

Monolayer and bilayer MoSe2 were transferred on flexible
acrylic substrates. Tensile strain induced by bending the substrates

convexly resulted in a redshift of PL (-36.8 meV/% strain) (Fig. 9a).
Further, a linear evaluation of intensity/polarization-dependent
pattern of optical second-harmonic generation (SHG) was  also pro-
posed to detect the magnitude/direction of the strain, as shown in
Fig. 9b and c. The results from the potential energy calculation and
the SHG technique showed that the interlayer van der Waals forces
were strong not allowing interlayer sliding during the bending of
the substrate (up to 1.3%) [110]. Excitons and trions showed a simi-
lar redshift (10 meV/%) to the tensile strain in WS2 (stretched PDMS
with 12% of strain transfer efficiency) at a relatively low strain (0
to 2%) as shown in Fig. 9c; however, a wrinkle induced strain relax-
ation was  observed under higher strain (2 to 3%) (Fig. 9c) [111].
Desai et al. experimentally demonstrated that PL intensity of the
2-4-layer WSe2 could be significantly enhanced by tensile strain
(up to 2% by substrate bending) because of the indirect-to-direct
bandgap transition [125]. Because of the difference in response
to strain for exciton-phonon interaction, photoluminescence and
absorption, the spectrum of the A exciton becomes more narrow
and symmetric for MoSe2 and WSe2 (exciton-phonon coupling
reducing), unchanged for the WS2 (weak exciton-phonon coupling
at unstrained condition) and broader (exciton-phonon coupling
enchantment) for MoS2 under small tensile strain (up to 1.48%)
[153]. It has been experimentally demonstrated that localized ten-
sile strain in WSe2 (by transferring onto nanopillars) can function
as single-photon source at low temperature [154,155]. Compres-
sive strain induces larger absorption and bandgap funnel-effect,
which was significantly enhanced for the photocurrent in MoS2
[100]. Interesting, in the vertical heterostructure of the MoS2/WS2,
tensile strain only changed MoS2 to indirect bandgap and WS2’s
bandgap remained to be direct; however, compressive strain only
tuned WS2’s bandgap to indirect and MoS2’s bandgap remained
to be direct. This selective modification modified the relative PL
intensity ratio of WS2 and MoS2 under strain direction (-7 to 20%),
as shown in Fig. 9e and f [82].

Under a compressive strain, ripples form in phosphorene, and
it also shows a strong anisotropy in bandgap properties, as shown
in Fig. 10. For example, when ripples along the armchair direction,
the bandgap changes from 0.84 to 0.51 eV for strain up to −20%
and keeps almost constant at higher strain; However, for ripples
along the zigzag direction, a semiconductor-to-metal transition
occurs at strain ∼ −30% [46]. Furthermore, either in-plane or out-
of-plane strain can significantly change the bandgap of monolayer
phosphorene. Specifically, a ∼ − 2% in-plane strain can convert the
monolayer phosphorene from a direct-gap to an indirect-gap semi-
conductor [35,46]. Interestingly, with sufficient expansion (+11.3%)
or compression (−10.2% strains), the gap can be tuned from indirect
to direct again [156]. The electron–phonon coupling is significantly
enhanced by the biaxial strain due to a larger increase in density
of states around the Fermi level and phonon softening in the low-
frequency regime. The biaxial strain (∼4%) even can increase the
superconducting transition temperature from 3 K to 16 K [157].

Though many efforts have been focused on the transition
from semimetal to semiconductor for 2DNMs, it is found that
a semimetal-metal transition occurs when an in-plane strain is
larger than 7.5% in silicene [158]. Under the strains, there is no
gap opening in the silicene and germanene (Fig. 11). However,
with an increase of the biaxial strain, the conduction bands at the
high-symmetric � and M points of the first Brillouin zone shift sig-
nificantly towards the Fermi level in both silicene and germanene
[128]. Further, silicene and germanene show an abnormal self-
doping effect under strain due to their buckled structures. Further,
the relative position between Fermi level and Dirac point can be
tuned by the strain in the silicene and germanene. The compres-
sive strains (-8% for silicene and −5% for germanene) can induce a
n-type doping, while the tensile strains (10% for silicene and 5% for
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Fig. 7. Strain effect on band structure and photoluminescence in MoS2. (a) Evolution of the direct and indirect bandgap for a MoS2 monolayer (a) with strain applied along
the  zigzag and armchair directions; Adapted with permission, Copyright 2013 American Physical Society [123]. (b) PL of a representative monolayer device under strain from
0  to 1.8%; (c) Evolution of the position of the A peak of the PL spectrum (Lorentzian fits) with strain and GW0-BSE calculations (dashed line) of expected peak, and (d) GW0

calculations of the fundamental bandgaps of strained monolayer MoS2. Adapted with permission. Copyright 2013, American Chemical Society [58]. (e) AFM characterization
of  the wrinkled MoS2, and PL mapping (f) of the same region as (e); (g) and (h) Schematic diagram for the funnel effect in the wrinkled MoS2. Adapted with permission.
Copyright 2013, American Chemical Society [56]. (i) Schematic of monolayer MoS2 under indentation; (j) Biaxial strain in the MoS2; Corresponding local electron and hole
energy profile (k) and local exciton energy profile (l). Adapted with permission. Copyright 2012, Nature Publishing Group [8].

germanene) can lead to the p-type doping into the these buckled
two-dimensional Xene sheets (Fig. 11c) [159].

Electrical properties (Mobility, resistance, piezoelectric and
flexoelectric effect)

The electrical properties of 2DNMs reflects bonding interactions
and can be tuned by external strain. It is known that the strain could
be applied in semiconductors to modify their electronic properties,
like the mobility tuning in the silicon technology [1,2]. Therefore,
it is interesting to investigate that the electrical properties mod-
ification in 2DNMs under different magnitude of strains (Fig. 12).
The mobility of charge carriers in 2DNMs can also be altered by the
external strain. The strain induced smaller energy gap between con-
ductive band (relatively inert response of valance band in TMDs to
strain) in Brillouin zone space can reduce intervalley phonon scat-
tering, and in turn, increases the mobility effectively [144]. Hosseini
et al. investigated the strain effect on phonon limited mobility in
TMDs and indicated that tensile strain increases mobility. A signifi-
cant enhancement in the mobility of single-layer MoSe2 and WSe2
is affected by a relatively small tensile strain, due to their small
energy gap both at K and Q valleys. However, under a relatively
small compressive strain, the lattice scattering limited mobility
decreases and passes through a minimum value and then recovers
with a further increase in the compressive strain [144,160]. And, the
mobility enhancement effect is increase as X atom change from S to
Te for WX2 [152]. Further, strain has shown the ability to control the
anisotropic free-carrier mobility in phosphorene in first-principles
simulations. With the appropriate biaxial or uniaxial strain (4–6%),
the preferred direction of conduction can be rotated by 90◦, as a
result of a switch in the energy of the lowest two  conduction bands
[62].

A continuous bandgap modulation and a piezoresistive effect
was observed in the strain phosphorene (Fig. 12a and b). On the

contrary, to strained MoS2, tensile/compressive strain induce blue-
/redshift in the absorption spectra and enlarge/shrinkage in band
gap (99 ± 4 meV/% in the armchair direction and 109 ± 2 meV/%
in the zigzag direction). Further, this piezo-resistive effect orig-
inates from variation in density of carriers that are thermally
activated across the strain-modulated bandgap and the carriers’
mobility were not affected by the strain in this experiment [161].
Magnetoresistance of MoTe2 under high magnetic field showed
anisotropic enhancement with tensile strain (piezoelectric sub-
strate) in different in-plane crystallographic direction [162].

Piezoelectric (PE) effect is the ability of certain materials to
generate an electric charge and potential in response to applied
mechanical strain. Flexoelectric (FE) effect is an extension of the
PE where PE relates uniform strain to polarization and FE relates
strain gradients to polarization. The relation between polarization
and strain in materials can be summarized in the equation:

Pi = eijkεjk + �ijkl
∂εjk

∂xl

(1)

where eijk is the PE coefficient, �ijkl is the FE coefficient, εjk is

the strain, and
∂εjk

∂xl
is the strain gradient [164]. These two elec-

tromechanical strain effects have wide applications in sensors,
transducers, power generation and electronics [67]. For example,
Wu et al. have shown the first experimental study of the PE of MoS2
and demonstrate that only odd number of atomic layers produces
oscillating piezoelectric voltage and current outputs, as shown in
Fig. 12c–f [163].

Strain effect on device performance

Several studies on electronic devices performance under strain
have been performed and show high mechanical robustness of
2DNMs [165]. Zhu et al. demonstrated that black phosphorus flex-



26 S. Deng et al. / Nano Today 22 (2018) 14–35

Fig. 8. Strain effect on optical absorption and carriers in MoS2 and band structure on other TMDs. (a) Biaxial strain-dependent optical absorption spectra calculated by
Bethe–Salpeter equation (BSE). (b) Biaxial strain-dependent GW quasiparticle energies for electrons and holes at the K point. Adapted with permission. Copyright 2012,
Nature Publishing Group [8]. Band structures of WS2 (c) and WSe2 (d) under different strains. Adapted with permission. Copyright 2014, Royal Society of Chemistry [152].

ible thin film show minor degenerations under high-frequency
performance under up to 1.5% tensile strain. Further the device
exhibits only a small reduction in on/off ratio and mobility under 2%
of uniaxial tensile strain (substrate bending, Fig. 13a) [166,167]. Das
et al. reported that the flexible all-2D nanomaterials device with
WS2 channel, graphene electrode, and h-BN gate dielectric layer)
has good stability under 2% strain [168]. It should be noticed that
strain direction (tensile or compressive) is important for different
devices performance enhancement. Shen et al. demonstrated that
the tensile strain reduced the bandgap of WSe2 (conduction band
moves lower energy and valence band remains unchanged), which
led to conduction band closed to Fermi level of electrodes (Ni) and
decreased the contact (Schottky) barrier (Fig. 13b to d) [146]. This
strain induced modulation of the Schottky barrier also shown in
phosphorene under out-of-plane compressive strain [169]. Epitax-
ial grown of 2DNMs is promising for the device application, and
strain in 2DNMs can be manipulated by taking advantage of the
lattice mismatch between the thin film and substrate. The com-
pressive strain was introduced in MoS2 grown on a patterned
surface with 3D cones and pyramids. This strain induced band
variation in MoS2 formed an array of “bandgap funnels” (Fig. 13g
and 13 h) and facilitated the electron collection to the electrodes
(Fig. 13e), which greatly enhance the photocurrent of the device,
as shown in Fig. 13f [100]. On the other hand, the tensile strain will

enhance the light emission resulting from reduce-bandgap induced
exciton confinement. Another important note for strained 2DNMs
device is that various directions, magnitude and confined dimen-
sions of strain can be introduced into 2D thin films in the process
of device preparation (especially for 2DNMs on deformable sub-
strates). Further, the strain transfer efficiency from the substrate
to the 2DNM is not always perfect. Therefore, substrate bending,
stretching or compression induced strain is not always equal to the
strain in 2DNMs. Further, analysis of electrical and optoelectronic
performance becomes significantly complicated when including
the effect of local environment (e.g. defects, doping, surface charges,
substrate topography).

Chemical reactivity

Chemical activities are prone to influence by modification on
structure of nanomaterials because of the large surface to vol-
ume  ratios of 2DNMs. It has been shown that strain (or wrinkles)
in graphene influence the chemical affinity and facilitates the
chemical reaction [12]. The strain in MoS2 has shown selec-
tive enhancements on the adsorption of different gas molecules
(enhanced adsorption of NO and NH3) but insensitive to the adsorp-
tion of NO2, CO, and CO2. This contrasting behavior may  lead to
new design strategies for constructing ultrahigh-sensitivity sen-
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Fig. 9. Experimental studies of strain effect on optical properties and band structure of TMDs. (a) PL and second-harmonic generation (SHG) of MoSe2 under different tensile
strain.  (b) SHG intensity dependence on Laser excitation polarization angle (respects to armchair strain) under the same series strain shown in (a). (a) and (b) Adapted with
permission. Copyright 2017, American Chemical Society [110]. (c) Exciton and trion of WS2 linear dependence on small strain, and (d) lager strain. The insert are optical
images of the tensile strain applied on WS2/PDMS structure. The e in both (c) and (d) are strains on PDMS with a ∼12% of strain transfer efficiency from PDMS  to WS2

sheet. Adapted with permission, Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, [111], Weinheim. PL intensity ratio (WS2 to MoS2) dependence on (e) tensile and (f)
compressive strains. Adapted with permission. Copyright 2017, American Chemical Society [82].

Fig. 10. Black phosphorus under compressive strain. (a) Schematic of the rippled black phosphorus monolayer on an elastomeric substrate. The ripple orientation is per-
pendicular to the armchair axis, and the period is 500 nm.  The difference between maximum and minimum strain is 5%, red color stands for tensile strain and blue is
stand  for compressive strain. (b) Local density of states with several quantum-confined channels. (c) Normalized bandgap modulation along the ribbon around ±1.5% per
percentage of uniaxial strain in the monolayer. Adapted with permission. Copyright 2016, American Chemical Society [57]. Strain effect on band structure in phosphorene
under  compressive strain along armchair (d) and zigzag (e) directions. Adapted with permission. Copyright 2016, American Chemical Society [46].
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Fig. 11. Strain effect on band structure in silicene and germanene under biaxial strain. (a) Top view and side view of silicene lattice under biaxial strain and � is the buckling
parameter; (b) Band structures of silicene with strain � = 0.0%, 2.5%, 5.0%, 7.5%, 10.0%, and 12.5%, respectively and the semimetal-metal transition occurs at 7.5% of strain.
Fermi  levels are all set to 0 eV; Adapted with permission, Copyright 2012, EPLA [158]. (c) Uniaxial strain-induced self-doping in germanene. Schematic of germanene atomic
structure and band structure for monolayer germanene under different uniaxial strains. Adapted with permission, Copyright 2012, Elsevier Ltd [159].

Fig. 12. Electrical properties modification of strain on 2DNMs. (a) Schematic illustration of the compressive (top) and tensile (bottom) strained phosphorene device. (b)
Bandgap (left) and piezo-resistive (right) response under different strain. (a) and (b), Adapted with permission. Copyright 2017, American Chemical Society [161]. (c)
Operation scheme of the single-layer MoS2 piezoelectric device. The asymmetric (d) and symmetrical (e) modulation of carrier transport by strains under opposite drain bias.
(f)  Band diagrams explaining the piezotronic behaviour observed in a single-layer device as a result of the changes in Schottky barrier heights by strain-induced polarization.
(c)  to (f) Adapted with permission. Copyright 2014, Nature Publishing Group [163].
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Fig. 13. Flexible electronic devices characterization and energy funneling mechanisms in strained 2DNMs. (a) Schematic illustration of the flexible phosphorene (a) and
WSe2 device (b). (a) Adapted with permission. Copyright 2016, American Chemical Society [166]. Output characteristics (c) and (d) transfer characteristics for a WSe2 FET
device  under 0% and 1.3% tensile strain conditions at room temperature. (b) to (d) Adapted with permission. Copyright 2016, American Chemical Society [146]. Schematic of
photodetector (e) and light response (f) of bilayer MoS2 on surface patterned substrates. (g) Bandgap funnel effect in MoS2 under compressive (g) and tensile strain (h). (e)
to  (g) Adapted with permission. Copyright 2017, American Chemical Society [100]. (h) Adapted with permission. Copyright 2015, Nature Publishing Group [170].

Fig. 14. Enhancement of chemical activity of strain in 2DNMs. (a) Schematic of the applied strain further tunes the HER activity of MoS2 (S-vacancy), (b) Hydrogen adsorption
free  energy �GH evolution with strain at various S-vacancy; (c) Fine-tuning of the band structure for 25% S-vacancy under applied strain. Strain induces a narrow band gap.
Adapted with permission. Copyright 2016, Nature Publishing Group [177]. (d) SEM image of buckled MoS2 films on graphene; Adapted with permission. Copyright 2016,
American Chemical Society [99]. (e) The free energy of atomic hydrogen adsorption on the surface of distorted 1 T WS2  under different strain. Adapted with permission.
Copyright 2013, Nature Publishing Group [176]. (f) Tensile strain dependent Gibbs free energies of H adsorption for monolayer 1 T-MoS2; (g) Strain dependent adiabatic
electron (red symbols) and proton (blue symbols) affinities of monolayer 1 T-MoS2. Adapted with permission. Copyright 2016, Royal Society of Chemistry [173]. Normalized
differential capacity measurements for MoS2 under lithium insertion and conversion for pristine (h) and strained (i) MoS2. Inserts are scheme shown the lithium insertion
and  conversion pristine (left) and strained (right) MoS2. Adapted with permission. Copyright 2016, Nature Publishing Group [98].

sors and electromechanical devices based on strain engineering of
2DNMs [171]. Monolayer 2H-MoS2 has been reported to be promis-
ing catalyst for hydrogen evolution reaction (HER) by introducing
Sulphur (S) vacancies and strain (Fig. 14a and b). This is due to
that new bands introduced by S-vacancies and reduction of the
bandgap in MoS2 under strain (Fig. 14c) [172]. The water-splitting
catalytic ability of the buckled MoS2 films showed a reduction of
onset potential compared to unstrained MoS2, as shown in Fig. 14d
[46,99,159,173–175]. Electronic structure calculations show that
tensile strain can activate the relatively inert inner valence elec-
trons and enlarge the d-band exchange splitting, and further,
increase the adiabatic electron affinity and decrease of the adiabatic

proton affinity, and in turn, enhance the catalytic activity of the
system. It is found that biaxial tensile strain can enhance the HER
activity more effectively than uniaxial tensile strain, while com-
pressive strain decreases the HER activity (Fig. 14f and g). Similar
effect was also shown in the simulation of 1H-NbS2 [173]. It has
been reported that tensile strains can enhance density of states,
decrease the free energy of atomic hydrogen absorption (equal
to zero under 2.7% strain, Fig. 14e) and facilitate HER on zigzag-
like distorted metallic 1 T WS2 whereas tensile strains showed no
enhancement for hydrogen absorption on 2H phase WS2 (up to 4%).
Furthermore, compressive strain shows trivial effect on density of
states [176]. Additionally, the local strain (top and bottom peaks
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of the ripples) also shows a great enhancement of chemical activ-
ities of the phosphorene [46]. The modification of the electronic
properties induced by the shape anisotropy is expected to play a
significant role in improving the HER catalytic activity of the MoS2
basal plane. Comparing with two-step of lithium insertion and
reaction in unstrained MoS2, vertical heterostructure of carbon-
MoS2 showed a strain-triggered (small lattice mismatch induced
compressive strain (0.1%)) chemical storage conversion without
significant signature of lithium insertion, as shown in Fig. 14h and
i [98].

Note to Table 2, Tensile and compressive strain
Structurally, the tensile and compressive stress can modify the

bond lengths and bond angles (overlap between different orbitals)
in 2DNMs. Therefore, the tensile and compressive strain is expected
to have different influence on the properties. Usually, tensile strain
reduces the bond strength and the lattice vibration (phonon soft-
ening). Because heat transports in solid lattice by phonons, the
thermal conductivity decreases with phonon softening. Another
direct effect of the phonon softening is the reduced electron-
phonon coupling (interaction between electrons and lattice ions
during the movement of electrons in the lattice) and increase of
the carrier-mobility. Further, the bandgap and the chemical activ-
ity are governed by the overlap of the electronic orbitals, which
are strongly affected by the strain direction and magnitude. For
example, the energy states of the valence band and the conduc-
tion band in MoS2 originate from the 3p orbital of S atoms and 4d
orbital of Mo  atoms. The strain induces variations in the overlap
between the 3p orbital of S and 4d orbital of Mo cause shifts in
the energy states (magnitude and structure) of the valence band
and conduction band [150]. Due to the Poisson effect, the ten-
sile strain introduces compression in the out-of-plane orbitals to
reduce the bandgap. Additionally, tensile strain can activate the rel-
atively inert inner valence electrons and enlarge band splitting, and
enhance the chemical activity of 2DNMs. However, the compres-
sive strain, in most cases, exhibits a contrasting effect to the bond
strength and orbital overlap in comparison to the tensile strain.
This strain-direction induced difference is demonstrated in several
investigations, which have been outlined in Table 2. First, different
strategies are needed for the introduction of tensile and compres-
sive strain. Several methods, for example substrate deformation,
have been applied to introduce both tensile and compressive strain
experimentally. Tensile strain in 2DNMs will be similar to the strain
in the substrate as the 2DNMs are anchored to the substrate. How-
ever, it should be noted that compressing an anchored 2DNM on
a deformable substrate does not imply the complete transfer of
compressive strain to the 2DNM. The compressive deformation in
2DNMs can be compensated and partially relaxed by the forma-
tion of bucked structures, if the interfacial adhesion is not strong.
The compressive and tensile strain have opposite effect on the
phonon vibration and bandgap modification in 2DNMs. Tensile
strain induces redshift (vibration softening) and compressive strain
(vibration enhancement) induces blueshift of the Raman modes
in various BN, TMDs, and phosphorene. In most 2DNMs, tensile
strain reduces the magnitude of the bandgap and a compressive
strain increases the bandgap; however, the strain’s response to the
bandgap structure in phosphorene is reversed. Furthermore, the
compressive strain can result in a semiconductor-to-metal tran-
sition, but the tensile strain only reduces the bandgap to a finite
value (∼0.5 eV) in phosphorene [46]. The direct bandgap decreases
under the tensile strain (up to 2%); however, a transition from a
direct to an indirect bandgap is observed under a small amount of
compressive strains in WS2, WSe2, and WTe2. Tensile strain can
induce a direct-to-indirect transition in MoS2. For the electrical
device performance, the mobility of single-layer MoSe2 and WSe2
increases with a relatively small tensile strain but reduces under a
small compression. Therefore, in general, tensile strain induces red-

shift in phonon vibration, bandgap reduction and an increase of the
mobility, and on the other hand, the compressive strain can induce
blueshift of phonon vibration, bandgap enlargement, and mobility
reduction. Various responses of 2DNMs to different strains will pro-
vide a library for further modifications of the properties to develop
new concepts for strain engineering, sensing and actuating, with
applications in flexible electronic devices [84,150].

Future work

Anisotropic 2DNMs under uniaxial strain

There is a gap between theoretical and experimental studies on
the uniaxial strain in anisotropic 2DNMs. For the in-plane isotropic
2DNMs (graphene and TMDs), differences between the mechani-
cal properties due to strain in the armchair and zigzag directions
is small. However, there are obvious differences in the structural
and mechanical properties of buckled phosphorene and Xenes for
strain in the armchair and zigzag direction. In most of the theoret-
ical calculations and simulations, strain along armchair and zigzag
directions in phosphorene and Xenes were treated separately.
However, precisely controlled strain-engineering along the arm-
chair and zigzag direction is in its infancy due to the challenges in
exact crystallographic strain actuation and measurements. Further,
the lateral scales in experimental studies are relatively large in com-
parison to the crystal grains in regular samples. Strain engineering
in different orientations can lead to anisotropic modifications to
the structure and properties, which could play important roles in
the application of flexible and logic devices [39,59,180,181].

Heterostructure of the 2DNMs in strain engineering

2DNMs based heterostructure devices are promising for high-
performance flexible and transparent electronics [182,183]. On
the other hand, interlayer interaction of 2DNMs heterostructures
plays a great role in the performance of devices. Although the cou-
pling has been investigated electrically and optically in various
2D heterostructures, a mechanical understanding of the inter-
layer coupling is indispensable but currently lacking. Further, the
interfacial lattice mismatch and adhesion regulates the mechan-
ical properties of 2DNMs heterostructures. In most cases, the
strain in 2DNMs is induced through the supporting layer. There-
fore, obtaining the adhesion and mechanical interactions between
different 2DNMs or other substrate surfaces is essential for the
straining application of 2DNMs heterostructures [53,156,183,184].
Stress applied perpendicularly or parallelly to the one-dimensional
boundary of lateral heterostructures can introduce structure
deformation for strain relaxation and may  modify the transport
(electrical and thermal), and chemical properties at the boundary.
Stress (perpendicular or parallel) on a two-dimensional interface in
a vertical heterostructures induces interlayer separation, rotation
or shear force may  show unique physical phenomena and profound
applications on electronic and optical devices.

Strain engineering on 2DNMs with defect

The imperfections are regularly introduced into the 2D crys-
tals during their synthesis, where atomic arrangements do not
follow perfect crystalline patterns. Three kinds of defects can
exist in two-dimensional nanomaterials: zero-dimensional point
defect (vacancy, interstitial and substitutional), one-dimensional
line (grain boundary) and Stone Wales defects. These defects have
significant effect on the structure, physical and even chemical
properties of 2DNMs, which has been covered by several previous
reviews recently [172,185]. It is obvious that the defect will greatly
alter the lattice and structural response of 2DNMs on strain. Further,
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Table  2
Summary of strain introduction and modification of properties in 2DNMs.

2DNMs Strain introduction Strain
type

Strain direction Properties modification

h-BN Simulations:
DFT [121,143]

Tensile
Compressive

Biaxial Phonon vibration softening [121]
Bandgap reduction [143]
Phonon vibration enhancement [121]
Bandgap enlargement [143]

Phosphorene Simulations:
DFT [35,62,130,157]
Green’s function [130]
Experiments:
Pre-stretched substrate [57]
Substrate deformation [161]

Tensile
Compressive

Biaxial
Uniaxial (Z)
Uniaxial (A)
Uniaxial (Z)
Uniaxial (A)

Thermal conductivity reduction [130]
Phonon vibration softening [157]
Superconducting transition
temperature increase [157]
Direct-indirect transition [35]
Bandgap enlargement [161]
Thermal conductivity enhancement (Z) [130]
Phonon vibration (B2 g and A2 g) softening [126]
Thermal conductivity reduction (A and Z) [130]
Phonon vibration (A1g) softening [126]
Bandgap enlargement [161]
Conducting direction control [62]
Bandgap reduction [46,161]
Semiconductor-metal transition [46]
Direct-indirect transition [46]

Silicene  Simulations:
DFT [158]
Ab initio [159]

Tensile
Compressive

Biaxial Semimetal-metal transition [158]
Self P-type doping [159]
Self N-type doping [159]

Germanene Simulations:
Ab initio [159]

Tensile
Compressive

Biaxial Self P-type doping [159]
Self N-type doping [159]

Stanene Simulations
Molecular dynamics [77]

Tensile
Compressive

Biaxial Intrinsic thermal ripples [77]

MoS2 Simulations:
DFT [144], Ab initio [160]
Experiments:
Thermal vibrations [75]
Mechanical exfoliation [81]
Surface adhesion [81]
Thermal expansion
mismatch [84]
Epitaxial grown and heterostructure
[83,98,99,100,101,102,103]
Chemical doping [106,107]
Substrate deformation [58,59]
Pre-stretched substrate [56]
Pressurized blister [117] and blown bubble [119]
Substrate topography modification [178]

Tensile
Compressive

Biaxial &
Uniaxial
Uniaxial

Phonon vibration softening [56,58,59,117,123,148]
Thermal conductivity [58]
Direct-indirect transition [148,149]
Pl polarization decrease [123]
Semiconductor-metal transition [59,150,151]
Electron and hole energy reduction [8]
Chemical activity enhancement [172,173]
Carrier’s mobility modification [160]
Bandgap reduction [100]
Phonon vibration enhancement [100,153]
Bandgap enlargement [100]

WS2 Simulations:
DFT [144,152]
Experiments:
Substrate deformation [82,111]

Tensile
Compressive

Biaxial &
Uniaxial

Phonon vibration softening [82,111]
Bandgap reduction [146,152]
Indirect-direct transition [82,146,152]
Phonon vibration enhancement [82]
Chemical activity enhancement [176]
Excitons and trions redshift [111]
Direct to indirect transition [82]

MoSe2 Simulations:
DFT [144,179]
Experiments:
Substrate deformation [179]

Tensile
Compressive

Biaxial &
Uniaxial
Biaxial

Carrier’s mobility increase [144]
Bandgap reduction [179]
Exciton-phonon coupling reducing [153]
Carrier’s mobility decrease [144]

WSe2 Simulations:
DFT [144,152]
Experiments:
Substrate deformation [146]
Epitaxial grown and heterostructure [105]

Tensile
Compressive

Biaxial &
Uniaxial

Phonon vibration softening [125]
Bandgap reduction [146,152]
Carrier’s mobility increase [144]
Exciton-phonon coupling reducing [153]
Direct-indirect transition [146,152]
Carrier’s mobility decrease [144]
Indirect-direct transition [125]
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Fig. 15. Summary of strain effect in the 2DNMs. Adapted with permission [8,9,166,177,189].

physical and chemical properties of defective 2DNMs are expected
to be dissimilar to ideal 2DNMs under strain; however, studies on
strain engineering in defective 2DNMs are inadequate. A few exper-
imental results have shown its promising aspect. For example, the
strained MoS2 with S-vacancies has been proved to have a signifi-
cantly catalytic activity enhancement on the HER [172]. Therefore,
there is a great potential of the combination of defect engineering
and strain engineering in the future exploration of the application
of 2DNMs.

Strain engineering in other two-dimensional thin film materials

Strain engineering in 2DNMs may  provide a library of effects and
phenomena to further explore and expand strategies for modifica-
tion of properties to tailor applications for other thin film materials.
Similar to the ability of the atomically thin 2DNMs to sustain large
strain, other thin film materials (e.g. 2D metal-organic frameworks
and perovskite thin-films) are expected to endure higher strain
than their three-dimensional counterparts. For example, the mis-
match of thermal expansion can induce out-of-plane compressive
strain and in-plan tensile strain in organic-inorganic hybrid per-

ovskite, which increases the ion migration and further accelerates
the degradation of perovskite under illumination [186]. Few-layer
(1–3) ZnO film grown on a gold surface showed a higher lattice
expansion (up to 3%) and an increased band gap than buckled
ZnO [187]. Blue phosphorene oxide shows a semiconductor-to-
semimetal transition when the strain tensile strain increases above
a critical strain [188].

Summary

With the properties of atomically-thin two-dimensional
nanomaterials sensitively dependent on the lattice stresses, strain-
engineering offers a platform to control the properties, even
anisotropically (Fig. 15). Further, it is critical to analyze strain in
2DNM devices for their performance and behavior. This review
outlines (A) lattice structure (lattice constant and thickness) and
mechanical properties (Young’s modulus, ultimate strength and
strain, Poisson’s ratio) of graphene, h-BN, phosphorene, Xenes (sil-
icene, germanene, stanene), and TMDs (MoS2, WS2, MoSe2, WSe2);
(B) engineering methods for strain introduction in 2DNMs: intrin-
sic thermal vibrations, surface adhesion, substrate deformation,
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pre-stretched substrate, epitaxial growth, thermal expansion mis-
match, substrate topography modification, pressurized blister, and
tip indentation; (C) modification of properties due to strain in
2DNMs: structure, lattice structure and vibration, thermal conduc-
tivity, electronic bandgap, carriers’ mobility, polarization, phase,
piezoelectric, device performance, and chemical activities. Futur-
istically, it will be critical to map  strain-property correlations for
all the 2DNMs and develop mechanisms to directionally-control
strain to rationally design 2DNM-heterostructures devices, and
flexible/wearable electronics systems.
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