
Abstract. Straintronics, being a platform for creating new-gen-
eration information processing devices and a physical basis for
the development of flexible electronics using two-dimensional
(2D) inorganic materials, is currently a rapidly developing field
of nanoelectronics. An attractive feature of the new family of 2D
crystals is their capacity for deformation and stretching. The use
of deformations can lead to remarkable changes in the electronic
properties of 2D materials and van der Waals heterostructures
based on them and to nonconventional technological and engi-
neering solutions. Deformation engineering as an avenue to
explore the potential to adjust the physical properties of materi-
als by controlling elastic deformation fields is ideal for imple-
mentation precisely in atomically thin materials and structures.

Keywords: straintronics, graphene, 2Dmaterials, heterostruc-
tures, mechanical properties, band gap, electrical properties,
photoluminescence, light scattering, light absorption, adjust-
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1. Introduction

Straintronics is a relatively new field in the physics of
condensed matter, which uses the methods of deformation
engineering and physical effects induced by mechanical
deformations in solids to construct new-generation devices
for information, sensor, and energy-saving technologies [1].
At present, two main branches of straintronics can be
identified: straintronics of magnetic materials and straintron-
ics of two-dimensional (2D) and semiconducting crystals. The
focus in review [1] was on magnetic and magnetoelectric
materials, such as the nickel films BiFeO3 and Co40Fe40B20,
Ni75Fe25 permalloy films, and other materials and compo-
sites. Magnetic materials exhibit a wide range of effects
associated with deformations and interactions between
different subsystems in crystals (magnetoresistive, piezo-
resistive, and other effects; see, e.g., [1±4]). An advantage of
magnetic straintronic devices is their energy independence,
i.e., the ability to save the state of the device when the voltage
is switched off [5]. But most importantly, it is assumed that
just the magnetic straintronics can allow ultra-low power
consumption to be realized in switching over storage devices
(below 1 aJ), so as to approach the fundamental thermo-
dynamic limits [6, 7].We note that this expectation is valid not
only for magnetic materials but also for the entire class of
memristors made of 2D materials.

The second branch of straintronics deals with effects such
as alterations in the band structure of 2Dmaterials and in the
electrical (transport), optical, magnetic, and other properties
of materials to create new-generation nanoelectronic devices.

I V Antonova

Rzhanov Institute of Semiconductor Physics,

Siberian Branch of the Russian Academy of Sciences,

prosp. Lavrent'eva 13, 630090 Novosibirsk, Russian Federation

E-mail: antonova@isp.nsc.ru

Received 24 November 2020, revised 16 April 2021

Uspekhi Fizicheskikh Nauk 192 (6) 609 ± 641 (2022)

Translated by S Alekseev

REVIEWS OF TOPICAL PROBLEMS PACS numbers: 68.60.Bs, 68.65.Pq, 72.80.Vp, 73.40. ± c, 77.65.Ly

Straintronics of 2D inorganic materials for electronic

and optical applications

I V Antonova

DOI: https://doi.org/10.3367/UFNe.2021.05.038984

Physics ±Uspekhi 65 (6) 567 ± 596 (2022) #2022 Uspekhi Fizicheskikh Nauk, Russian Academy of Sciences

Contents

1. Introduction 567
2. Changes in mechanical properties under the transition to 2D materials 569
3. Effect of deformation on the structural properties of graphene and its compounds 570

3.1 Deformation testing using Raman spectroscopy; 3.2 Deformation-induced changes in the band structure of

graphene; 3.3 Conductivity and mobility of charge carriers in graphene under deformation; 3.4 Functionalized

graphene under deformation

4. Straintronics of transition-metal dichalcogenides 578
5. Silicene, germanene, phosphorene, and other graphene-like monolayer materials 581
6. Deformation engineering of 2D materials 582

6.1 Tunneling resistance modulations under deformation of monolayers; 6.2 Locally deformed films: deformation-

related effects and possible applications; 6.3 Combining deformation and layer rotation in bilayer structures; 6.4 Self-

assembly of foreign atoms on the surface of graphene using deformations

7. Deformation-related effects in heterostructures made of 2D materials 588
7.1 Mutual influence of layers in heterostructures on their mechanical properties; 7.2 Effect of deformation on the

electronic spectrum and properties of heterostructures

8. Conclusion 593
References 594

https://doi.org/10.3367/UFNe.2021.05.038984


In this review, we consider the effects associatedwith the effect
of external and internal deformations on the properties of 2D
materials such as graphene, its compounds, transition
material dichalcogenides, boron nitride, and monolayer
semiconductors (silicene, germanene, phosphorene, etc.). In
such materials, the transition to monolayers dramatically
changes many of their properties, including mechanical ones;
the materials become flexible and capable of stretching [8].

Deformation engineering is one of the key approaches to
improve the performance and functional properties of
present-day silicon-based technologies [9]. For example, the
creation of strained layers of bulk semiconductors allows
increasing the mobility of carriers in stretched silicon grown
on an SiGe layer in order to create deformations in silicon due
to a larger (by 4%) lattice constant of germanium [10].
Mechanical stress can reduce the effective mass of carriers,
which also leads to an increase in their mobility. In stretched
silicon on an SiGe layer with a � 30% germanium content,
the gain can reach maximum values of � 80% for electrons
and � 70% for holes.

A novelty in modern straintronics is the transition to the
use of monolayer materials and heterostructures based on
them, which significantly changes the mechanical properties
and expands the potential for using materials for flexible
electronics. A significant change in the interatomic distance
and crystal lattice symmetry under large elastic deformations
can lead to the appearance of unusual mechanical, thermal,
optical, electrical, magnetic, and other properties. In addi-
tion, as a result of the development of technologies for the
transfer of thin films and monolayers in combination with
their growth, it has become possible to obtain new types of
heterostructures, unattainable by other methods. Such
heterostructures, on the one hand, open new horizons for
applications and, on the other hand, show unexpected effects
associated with deformations. For example, MoS2=WS2
heterostructures grown by chemical vapor deposition
(CVD) under a stretching deformation of � 1:2% showed
the possibility of `decoupling' the monolayers in the hetero-
structure [11].

With the use of straintronic approaches, the research
subjects underlying the development of flexible electronics
are currently being shaped. Flexible electronics includes a
class of different electronic devices that can be subjected to
mechanical stress (can be bent, twisted, compressed, or
stretched) without compromising their functional proper-
ties. It is expected that flexible electronics in the near future
will allow creating all kinds of high-tech accessories, touch
screens, sensors, devices for communication, and the Internet
of things and will have a wide range of applications in
medicine [12±15]. Currently, it is already possible to identify
avenues for development, such as stretchable, foldable, and
wearable electronics [16, 17]. Flexible electronics now have a
pronounced `household' focus: wearable high-tech acces-
sories are used daily in everyday life by millions of people,
including, in particular, miniaturized devices formonitoring a
person's condition (pulse rate, blood pressure, temperature,
etc.). Wearable accessories are usually synchronized with
smartphones or desktop computers. This allows not only
tracking information about a person's condition but also
storing and analyzing it with dedicated applications. Flexible
electronic devices were initially based on organic materials,
which have relatively low stability and conductivity [18]. The
advent of 2D inorganic materials and the development of
technologies for their production gave a powerful impetus to

the development of straintronics and flexible electronics
based on such materials [19, 20].

Recently, a large number of papers have been published
on the study of the effect of deformations on the properties of
specific device structures made of graphene and other 2D
materials. Most often, these studies deal with bends, and less
often, with the effect of stretching, twisting, and other types of
deformation. We make a special note of a flood of studies
aimed at developing sensors for medical applications,
primarily portable devices for monitoring the state of
human health (see, e.g., [21, 22]). In such studies, to ensure
the flexibility and resistance of structures and contact paths to
twisting, a special flexuous configuration is used, which is
especially relevant for sensors worn on the skin or applied to
textiles. For example, in [23], we demonstrated the stability of
the functional properties of humidity sensors of a zigzag
shape made of graphene-based composite layers against
deformations up to �1:5% (bending radius down to 3 mm).

Deformations in graphene and other 2D materials can
occur due to natural causes [24]. For example, graphene on a
substrate usually experiences moderate deformation due to
the graphene±substrate lattice mismatch [25] or the substrate
surface topography [26]. On the other hand, deformations
lead to the mechanical instability of graphene: only less than
0.1% of compressive deformation can be applied to a
micrometer-size graphene structure without changing the
layer configuration [27]. Compressive deformation must
inevitably lead to the formation of ripples or folds [27±29].
In addition, there is an inherent edge stress along the edges
of graphene, which causes mechanical twisting of the edges.
And, of course, it is possible to deliberately induce
deformations and control them in graphene using various
methods.

Uniaxial deformation can be caused by bending a flexible
substrate on which graphene is deposited without slipping
[30, 31]. Biaxial deformation can be produced by three typical
methods. The first is to use the tip of an atomic-force
microscope (AFM) to deform graphene deposited over a
hole formed in the substrate [32]. In the second approach,
graphene is transferred to a piezoelectric substrate, which is
compressed or stretched in a controlled manner, thereby
subjecting the graphene to a uniform biaxial deformation
[33]. The third method relies on the thermal expansion
mismatch between graphene and the substrate to produce
deformation in graphene [34]. Given the negative thermal
expansion coefficient of graphene, a substrate with a positive
thermal expansion coefficient can be chosen (e.g., SiO2) [35].
When the substrate is subsequently heated or cooled,
graphene experiences stretching or compressive biaxial
deformation.

In this review, we consider the available knowledge on
the mechanical properties of 2D inorganic materials and
heterostructures based on them, on the possibilities of using
straintronics to create new materials and structures with
unusual properties, and on basic approaches to the develop-
ment of flexible electronics. Graphene is the strongest of the
studied 2D materials, capable of withstanding a reversible
elastic stretching deformation exceeding 25% [32], which
suggests interesting prospects for tuning the properties of
graphene by deformation, thereby maintaining steady pro-
gress in straintronics [24]. For comparison, silicon usually
fails at a deformation level of � 1:5% [36]. We first consider
the effect of deformation on the Raman spectra and the
electronic structure of graphene and other 2D materials.
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Next, we discuss examples of introducing and using local
deformations to create artificial atoms and control tunneling
currents, conduction, and charge carrier mobility. We
consider alterations in the properties of materials resulting
from a combination of deformation with a rotation of layers
in bilayer structures and the prospects for using deformation
for the controlled self-assembly of foreign atoms on the
surface of graphene. We conclude with a description of the
deformation effects for vertical heterostructures. On the
whole, we must note the significant predominance of
theoretical over experimental work [37±39]. For example, a
large number of theoretical studies demonstrate the appear-
ance of a band gap in graphene under various types of
deformation, but experimental studies confirming this con-
clusion are currently virtually absent.

2. Changes in mechanical properties
under the transition to 2D materials

The mechanical properties of graphene have been studied
quite thoroughly. Defect-free graphene has extremely high
mechanical characteristics, such as a strength of � 130 GPa,
maximum elastic deformation of � 25%, and Young's
modulus E 2D � 1000 GPa [40].

Graphene is usually regarded as a continuous membrane
� 0:335 nm in thickness. Under small deformations, gra-
phene can be considered an isotropic linear elastic material,
which can be described by Young's modulus E (a quantity
characterizing the ability of a substance to resist longitudinal
stretching or compression under elastic deformation) and
Poisson's ratio n (the ratio of relative transverse compression
to relative longitudinal stretching). Under large deforma-
tions, the dependence of stress s on strain e is described by
two parameters, the second-order linear elastic modulus E
and the third-order nonlinear elastic modulus D [32, 40],

s � Ee�De 2 ; �1�

where D < 0, and therefore the presence of a second-order
term leads to a decrease in stiffness upon greater stretching.
The strength of the material can be determined by the
maximum value smax, which must solve the equation
qs=qe � 0. The calculated strength and corresponding strain
are then expressed as

smax � ÿ E 2

4D
; emax � ÿ E

2D
: �2�

If the strain exceeds emax, graphene is then considered a brittle
material, and the graphene lattice is unstable and can break
under such strains.

Theoretical studies often show a decrease in Young's
modulus under the transition from graphene to multigra-
phene (see Table 1 and also [41]). For example, themechanical
properties of multilayer graphene consisting of 2 to 7 atomic
planes and of bulk graphite were studied theoretically by
molecular dynamics in [42]. It was found that, with an increase
in the number of layers, the coupling strength of adjacent
layers increases, which reduces the elastic modulus and tensile
strength. If the number of layers exceeds four (Fig. 1a), then,
according to [42], the multilayer material becomes brittle.
However, the experimental values of Young's modulus for
MoS2 showed a weaker dependence of this parameter on the
layer thickness; a stronger increase in Young's modulus is
exhibited by multigraphene of fewer than 6 monolayers in
thickness, while Young's modulus does not change for
hexagonal boron nitride h-BN (Fig. 1b) [43]. The measure-
ments were carried out on blisters (bubbles formed during the
deposition of 2D materials on the required substrates) using
probe spectroscopy. In [38], a theory was proposed that
provides a better description of the actual dependence of
Young's modulus on thickness. In addition to graphene
(Fig. 1c), we also consider two-layer graphene structures
with A±A packing and with one third of the parallel bonds
replaced with carbon dimers.

Table 1. Elastic modulus E 2D, Young's modulus E � E 2D=h, where h is the thickness of a 2D material, stretching deformation s 2D, limit strength smax,
maximum strain emax, Poisson's ratio n.

Material E 2D, N mÿ1 E, GPa s 2D, N mÿ1

(GPA)
smax, N mÿ1 emax n Reference

Graphite
Graphite
Graphene (theory) (0.335 nm)
Graphene (theory) (0.335 nm)
Graphene êakes
Graphene êakes
CVD graphene
Reduced graphene oxide
(RGO)
Graphene êakes
Hydrogenated graphene
h-BN (0.42 nm)
h-BN (0.42 nm)
MoSe2 (0.65 nm)
WS2 (0.65 nm)
Phosphorene (0.5 nm)
Silicene (0.4 nm)
Germanene (0.32 nm)
Stanene (0.35 nm)
MoS2=WS2
MoS2=graphene

342

285 ë 384
305 ë 415

340
350

34 ë 39
� 84

100
248
279

256 ë 407

132 ë 177
88 ë 332
142 ë 155
134 ë 137
69 ë 71
314
467

11
850 ë 1146
910 ë 1240

1025
1045
� 100

� 250

740
665

610 ë 970
176 ë 179

272
44 ë 166
57 ë 62
43 ë 44
24 ë 25
348
520

2 ë 12

130 (388)

21
120 ë 165
13 ë 23

8 ë 18
6.0 ë 7.2
4.1 ë 4.7
2.2 ë 2.6

26 ë 40
42

15

ì

0.25
0.14 ë 0.33

0.20

0.16 ë 0.29
0.15

0.11 ë 0.48
0.17 ë 0.19

0.20
0.17 ë 0.18

0.25
0.35

0.165

0.14 ë 0.33
0.15 ë 0.45

0.22

0.33

0.17 ë 0.62
0.29 ë 0.33
0.29 ë 0.35
0.36 ë 0.42

[38]
[45]
[38]
[41]
[32] �

[52] �

[50] �

[53] �

[54] �

[55]
[56]
[57]
[58]
[59] �

[37]
[37]
[37]
[37]
[59] �

[59] �

� Experimental study
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Another important parameter of the mechanical proper-
ties of graphene is the maximum strength of the material
under deformation; for graphene, this parameter is theoreti-
cally equal to 130 N mÿ1 (or 388 GPa, if expressed in
volumetric units), while for graphite the maximum strength
under different types of deformations is 10±30 MPa [44]. For
graphite foil, depending on the doping level, the maximum
tensile strength is 2±12 MPa [45]. According to the data in
[46], the maximum strength of polycrystalline CVD-grown
graphene with well-crosslinked grains is 34±39 N mÿ1

(� 100 GPa). Thus, despite the presence of grain boundaries
and defects, CVD graphene has a relatively high strength and
can act as a strong large-area material for flexible electronics.
This is a typical example where the mechanical properties of
2D materials differ significantly from those of a bulk
material, allowing the use of monolayers as a flexible,
stretchable material. We note that such materials include
graphene compounds [47], transition-metal dichalcogenides
[48], and other 2D materials.

An exception is hexagonal boron nitride, whose proper-
ties remain practically unchanged in moving to monolayers
[17, 49]. Moreover, the coupling between the layers of this
material is relatively strong, which complicates the prepara-
tion of h-BN monolayers. Usually, to create structures based
on graphene, films of hexagonal boron nitride are used as
dielectric layers [50]. This provides a high mobility of charge
carriers in graphene due to a hexagonal structure similar to
graphene and the low charge. But manufacturing flexible
electronic devices using h-BN has significant limitations.
Transistors that use h-BN as a substrate for graphene
(transistor channel) fail at � 1% deformation [51]. In
transistors printed using an h-BN suspension, the character-
istics change by orders of magnitude already with small bends
in the structures [17].

The most promising flexible dielectric material is fluori-
nated graphene [60±62]. Fluorinated graphene is stable up to
450 �C, has good flexibility, and allows obtaining thin layers

from a suspension with a low surface relief, low leakage
currents, and ultra-low charge, but has a dielectric constant
e � 1:2. The dielectric constant can be increased to � 3:5 by
using a two-layer dielectric made of graphene oxide and
fluorinated graphene [63].

3. Effect of deformation on the structural
properties of graphene and its compounds

3.1 Deformation testing using Raman spectroscopy
Raman spectroscopy is a key diagnostic tool for graphene and
other 2D materials.

The Raman spectra of single-layer graphene have two
main peaks: the G mode at � 1580 cmÿ1 and the 2D mode at
� 2700 cmÿ1. The dependence of the position and width of
peaks in the graphene Raman spectra on the magnitude of
deformation has been studied well [64]. For example, the
authors of [65] studied the change in the Raman spectra of
graphene deposited on a flexible substrate under the action of
stretching deformations up to 0:8% (Fig. 2). The Raman
spectra of deformed graphene exhibit shifts of the respective
2D and G bands by 27.8 and 14.2 cmÿ1/%. The cause of the
shift is the elongation of carbon-carbon bonds under
stretching.

Under uniaxial deformation, the splitting of the G peak
into two bands can be observed (measurements done with
polarized incident light); these are shown in Fig. 3 as G� and
Gÿ in accordance with their energies [66]. It has been found
that the relative intensities of the G� and Gÿ peaks strongly
depend on the incident light polarization direction; this can be
used to determine the angle between the deformation
direction and the crystallographic orientation of graphene.
The G-band splits due to a decrease in graphene symmetry
under uniaxial stretching. For undeformed graphene, the G
band arises from the doubly degenerate phonon mode E2g at
the center of the Brillouin zone. The 2D peak also splits into
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Figure 1. (a) Dependence of Young's modulus on the number of layers according to data in [42]. (b) Experimental studies of dependences of Young's
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two peaks, 2D� and 2Dÿ, under uniaxial deformation [67,
68]. The magnitude of the frequency shift depends on the
direction of the applied deformation. It was shown in [67] for
a graphene sample extended along the armchair direction that
the respective 2D� and 2Dÿ shear rates are ÿ44:1 and
ÿ63:1 cmÿ1/%, while for a graphene sample stretched along
the zigzag direction, these rates areÿ26:0 andÿ67:8 cmÿ1/%.
Similar dependences of shear rates on the direction of
deformation for the 2D� (2Dÿ) peak were found in other
studies (see, e.g., [68]), although the values of shear rates
determined by different groups differ. The physical cause of
the splitting of the peak is the shift of Dirac cones from the K
and K 0 points in opposite directions under uniaxial stretch-
ing, which leads to the appearance of two types of phonon
scattering paths.

The effect of biaxial deformation on Raman spectra was
also studied experimentally and theoretically [33, 69]. Under
biaxial deformation, all symmetries of graphene are pre-

served, and hence the G and 2D bands do not split, and
redshifts are observed.

The study of graphene deposited onto an SiO2=Si
substrate, using a detailed analysis of changes in the
position of G and 2D modes in the Raman spectra, allowed
separating two main factors of the influence of the substrate
on graphene leading to the mode shift: the initial deforma-
tions of graphene by SiO2=Si and its additional doping with
holes, which usually occurs during heat treatment [70].
Figure 4 shows the positions of the G and 2D peaks in
the Raman spectra, including the dependences on deforma-
tion and the layer-wise concentration of carriers. The
parameter used in the calculations, the sensitivity of the
uniaxial G-mode deformation DoG=De � ÿ23:5 cmÿ1/%,
was calculated from the data in [67] taking the splitting of
the G-mode and the random orientation of the deformation
with respect to the graphene crystal lattice into account. As
a result, it was shown that in most cases, the original
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graphene transferred to SiO2=Si has a deformation in the
range from ÿ0:2 to 0:4, which gradually varies on the scale
of several micrometers. As a result of annealing at 100 �C or
at a higher temperature, this deformation and the degree of
doping of graphene with holes can be varied, which also
leads to a change in the position of the Raman modes in the
spectra.

3.2 Deformation-induced changes
in the band structure of graphene
The absence of a band gap in graphene does not allow
controlling the current in transistor structures with a
graphene channel: the transistor cannot be shut. Various
attempts are being made to open the band gap in graphene;
for this, nanoribbons [71], nanoporous graphene [72], and

graphene functionalization (for example, the creation of
hydrogenated graphene) [73] are used. However, all methods
of nanostructuring with the aim of opening the band gap lead
to a catastrophic decrease in the mobility of charge carriers,
and in some cases also in the conductivity. Methods for
creating a band gap in graphene are therefore actively being
searched for, with the use of straintronic approaches in
particular. Of course, this is not the only possible application
of gapped graphene; such amaterial is of interest, for example,
for optoelectronics.

The rupturing deformation of graphene along the arm-
chair direction is 37%, and for deformation along the zigzag
direction, the critical value of the change in the bond length is
27% [74]. Figure 5 shows a piece of a graphene lattice
subjected to various types of deformations [75].
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The prospects for creating a significant energy band gap in
the electronic structure of a graphene layer remain amajor and
highly discussed problem in graphene electronics, because the
absence of a band gap limits the possibilities of its application.
Review [20] contains the results of theoretical studies of the
band gap opening under various deformations of graphene. It
is believed that symmetric stretching does not lead to the band
gap opening.Amechanically tunable electron energy band gap
is possible in two-layer graphene if different uniform deforma-
tions are applied to the two layers [76]. It has been shown that
the width of the energy band gap can be controlled by
adjusting the strength and direction of these deformations.

First-principle (ab initio) calculations show that graphene
is gapless under uniaxial stretching in the C±C bond plane in
accordance with the tight-binding model [77±79]. In the
absence of electron±electron interactions, in the framework
of linear elasticity theory and the tight-binding approach [80],
it was shown that an energy band gap can open in graphene
for deformation exceeding a threshold value, and only along
preferred directions relative to the base lattice. The threshold
deformation, according to different authors, is 16% [81], 20%
[82], or 26.7% [83]. The electronic properties of graphene
under uniaxial, shear, and combined uniaxial±shear deforma-
tions were calculated in [84, 85], where it was shown that
combining shear deformations with uniaxial ones allows
creating and modulating the band gap in graphene from
zero to 0.9 eV under a 17% deformation. Interestingly, the
use of a shear component makes the band gap opening
possible at a moderate absolute strain, much smaller than
the fracture strain of graphene. As shown in Fig. 6, for strain
values less than 15% (a) or 11% (b), the density of states
(DOS) is linearly dependent on energy near the Fermi level,
with a slope that increases as strain increases. The uniaxial
and shear strain contributions can be combined in various
ways to modulate the band gap. In Fig. 6, we compare the
electronic band structures of graphene for various combina-
tions of shear and uniaxial deformation at a fixed value of the
strain parameter of � 15%.

It was shown in [86] by ab initio methods that uniform
deformation opens a small band gap only beyond the point of
mechanical failure of graphene, contrary to the assertions in
the literature based on strong-coupling calculations. It has
been found that band gap opening is possible with a
sinusoidal nonuniform deformation applied along any direc-
tion other than the armchair direction. The largest band gap
opens under deformation along the zigzag direction
(� 1:0 eV). The band gap opening has a threshold character
with a sharp increase when the ratio of sinusoid amplitude A
to deformation period l exceeds A=l � 0:1, with the
symmetry under inversion preserved. Such deformations can
occur in graphene on a boron nitride substrate.

The effect of uniaxial stretching and shear deformations
and of their combinations on the possible band gap opening
in monolayer graphene (see Fig. 7 and Table 2) was studied in
[75]. Deformation-dependent band gap diagrams are plotted
over a wide range of deformation tensor parameters (up to
26%, which is close to the predicted fracture point of
graphene). It has been established that the use of a combina-
tion of shear strain and uniaxial stretching deformations is the
simplest way to open and tune the band gap. The results of
numerical calculations show that shear deformations can
contribute to the band gap opening at the highest elastic
deformations, and this is especially efficient for a combina-
tion of shear and uniaxial deformations.

A mechanically tunable energy band gap is possible in
two-layer graphene if different uniform deformations are
applied to the two layers [87]. It has been shown that the
width of the energy band gap can be easily controlled by
tuning the strength and direction of these deformations.

Thus, tight-binding models and ab initio calculations
show that uniaxial deformation shifts the Dirac cones away
from the K and K 0 points below the deformation threshold
(� 20%) and opens a band gap above this threshold. A
similar behavior was also found for shear deformation, but
at a lower threshold strain of � 16%. Unlike uniaxial and
shear deformations, biaxial deformation preserves the crystal
symmetry of graphene and hence does not shift the Dirac
points and does not open the band gap, but instead changes
the slope of the Dirac cones and hence the Fermi velocity [24].

Despite promising theoretical results, experimental stud-
ies mostly demonstrate the absence of a band gap, even in the
case of strong deformations in graphene.Most graphene films
are usually polycrystalline and may in addition contain
defects. According to [86], the polycrystalline structure of
graphene is a fundamental challenge for the band gap
opening, because graphene consists of single-crystal grains
that respond to deformation differently due to their different
spatial orientations. To obtain the most stable and controlled
band gap, graphene samples should be single-crystal ones or
consist of single-crystal domains with the same lattice
orientation. The presence of a huge number of grain
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Figure 6. Brillouin zone of graphene under a mechanical load.

(a) Undeformed graphene; (b) Brillouin zone under uniaxial deformation

with rhombic symmetry; (c) combination of shear deformation with

uniaxial deformation. (d) Density of states near the Fermi level as a

function of the strain; upper figure: graphene under pure shear strain;

lower figure: graphene under joint shear and uniaxial deformation along

the armchair direction. Maximum band gap width is observed for the

strain parameter equal to 20% and 17%, respectively. (e) Band structures

of graphene under various combinations of shear and uniaxial deforma-

tion with the deformation parameter fixed at 15%. Upper figure: uniaxial

deformation component is applied along the zigzag direction; lower figure:

a combination of shear and uniaxial deformation along the armchair

direction. CB and VB are conduction and valence bands [86].
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Figure 7.Band gap opening diagrams for graphene under stretching and/or shear deformations (up to 26%): various types of deformation fromFig. 5 [75].

Table 2. Theoretically calculated values for direct band gap Eg in graphene under an e deformation. ZZ: zigzag direction, AC: armchair direction.

Deformation type e, % Eg, eV Reference

ZZ stretching 20 ë 30 0 ë 1.1 [80]

ZZ stretching 26.7 ë 40 0 ë 2.2 [81]

Shear deformations
Combination of uniaxial and shear deformations

20
12

0.60
0.90

[83]

Uniaxial ZZ deformation

Uniaxial AC deformation

6.5
18
20

0.6
1.0
0

[88]

Uniaxial deformation
Isotropic biaxial deformation
Biaxial deformation, ZZ stretching,
AC compression
Shear deformations

�20
�20

11(ÿ20AC)
�20

0
0
1.0
0.4

[89]

ZZ stretching 26.5 0.45 [87]

ZZ stretching
AC stretching + shear deformations

32
15

0.52
0.58

[90]

ZZ stretching
Shear deformations
AC stretching + shear deformations
AC stretching + AC shear
AC stretching + ZZ shear
ZZ stretching + AC shear
ZZ stretching + shear ZZ
ZZ stretching + shear deformation

23
23
23
19
18
24
24
17

0.45
4.0
6.0
1.4
2.0
0.6
0.5
4.0

[75]

Asymmetric stretching of a bilayer 5 0.076 [76]
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boundaries in polycrystalline graphene, acting as extended
defects, induces electron states near the Dirac point, thereby
preventing the band gap opening. This may be one of the
reasons why attempts to experimentally observe the energy
band gap caused by stretching or shear deformations in
polycrystalline graphene samples have been unsuccessful.

In addition, the band gap may not be observed for a
number of other reasons. In the case of graphene growth on a
faceted SiC surface, the maximum possible band gap in the
region of a step, according to theoretical estimates, is 0.20±
0.25 eV [91]. Although the stretching deformation of poly-
crystalline graphene is large (22.5% [92]), this is insufficient
for the appearance of a band.Moreover, directional deforma-
tion becomes impossible in the case of different grain
orientations, and the adsorption of certain impurities on the
surface of graphene can strongly affect the band gap opening.

3.3 Conductivity and mobility of charge carriers
in graphene under deformation
No less important parameters of graphene for a range of
applications are the conductivity and mobility of charge
carriers. They are important primarily for the fabrication of
transistors and other devices operating at high frequencies.
Such structures are expected to operate in the terahertz range,
which is not attainable by devices made of other materials.
However, a carrier mobility exceeding 10,000±
15,000 cm2 Vÿ1 sÿ1 must be ensured to reach that range.
The transport properties of transistor structures made of
CVD-grown graphene under shear deformations up to
16.7% were studied in [93]. The top gate was made of an
ionic liquid, and PDMS (polydimethylsiloxane, highly
stretchable dielectric films) was used as a substrate. Shear

deformation was applied to the transistor structure thus
created. The results obtained are shown in Fig. 8. It can be
seen that the position of the neutrality point on the current-
voltage curve is virtually unchanged under shear deforma-
tions. The conductivity and mobility of carriers increase at
relatively small deformations, but then start decreasing
significantly (by almost an order of magnitude) at e � 5%.
Such nonmonotonic behavior can be associated with several
factors that affect the tested parameters in different ways: the
presence of folds, transverse conductive channels, and grain
boundaries in graphene.

In another paper by the same authors, CVD graphene was
subjected to a stretching deformation of up to 22.5%, created
using a piezocrystal [94]. In this case, the transfer character-
istics of transistor structures shifted toward higher positive
voltages, which corresponds to an increase in the hole
concentration in graphene. But the conductivity near the
neutrality point, as well as the mobility of electrons and
holes, decreased monotonically by about a factor of two as
deformation increased.

The decrease in mobility and hence in conductivity
observed under relatively low deformations was explained in
[93, 94] by two factors: (1) scattering caused by molecular
particles contained in the porous structure of the flexible
substrate and (2) scattering at domain boundaries in
graphene. Despite the high limit deformations, no band gap
opening was observed. Thus, deformation cannot be used to
create device structures that operate at higher frequencies.

Mechanically stressed ballistic transistors with a graphene
channel, as was theoretically shown in [94], can have an
on=off current ratio > 104 under stretching deformation up
to� 5%. The quantum transistor wasmodeled on the basis of
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suspended graphene. In Fig. 9, we show schematic images of
the transistor and the obtained characteristics for different
orientations (y angles) between the zigzag direction and the
x-axis directed along the transistor channel. The engineering
of quantum transport in 2D materials by deformation is
currently an important area of straintronics. The authors
propose a theoretical platform for the engineering of ballistic
charge transfer in graphene using uniaxial deformation. In
particular, the use of deformations solves an important
problem with transistors with a graphene channel: control-
ling the current in the channel, at least at low temperatures.

Ab initio calculations have shown that a combination of
electron or hole doping with biaxial tensile deformation can
transform graphene into a superconductor [95]. The authors
found that, at experimentally available doping levels
(4 � 1014 cmÿ2) and deformations (16%), the critical super-
conductivity temperature Tc must reach 30 K, which is
relatively high. For comparison, a graphene monolayer
grown directly on a thin Ru (0001) superconducting film
exhibits a superconducting state at temperatures below
2.1 K [96]. Superconductivity induced by doping graphene
was discovered in [97]. Adsorption of a layer of Li atoms on
a graphene monolayer gives rise to a stable superconducting
state at temperatures below 5.9 K. The authors of [98] also
showed that graphene modified with calcium becomes
superconducting at a temperature of about 6 K. It is
therefore quite reasonable to expect that superconducting
graphene with a high Tc can be realized experimentally via a
combination of doping and deformation. Superconductors
are used in quantum interferometers, supersensitive mag-
netometers, photon detectors, and medicine to obtain
magnetograms of various organs, etc. Further study of the

properties of superconductors, their fabrication methods,
and the optimization of parameters will also enhance their
applications.

Under a strong local distortion of a graphene lattice,
electrons in the deformed region start moving along closed
trajectories, as if they were placed in an external magnetic
field, as was predicted theoretically in [99, 100] (Fig. 10). Such
a `magnetic field' is called pseudomagnetic; the greater the
lattice deformation attained, the stronger this magnetic field.
A nonuniform distribution of deformations can generate a
strong pseudomagnetic field and hence lead to the observa-
tion of Landau levels (the energy levels of a charged particle in
a magnetic field) and the quantumHall effect. This effect was
experimentally observed in the study of graphene nanoblis-
ters using a scanning tunneling spectroscopy probe [101]. As a
result, peaks were observed in the current-voltage character-
istics measured in the blister region. Scanning tunneling
spectroscopy has shown the presence of Landau levels in the
region of nanoblisters with very high energies corresponding
to a magnetic field of about 350 T. When graphene was
eventually doped, its characteristics changed from semime-
tallic to semiconducting if the Fermi level was located
between the Landau levels. We note that, due to the linear
dispersion in graphene, the Landau levels are not equidistant,
and there is no peak in the DOS near the Dirac point
(Fig. 10g, h). A study of the effect of deformation on the
spectra of Landau levels in graphene within the density
functional theory (DFT) showed in [102] that uniaxial
deformation induces compression of the spectra of Landau
levels for both crystallographic directions (armchair and
zigzag) of the applied deformation. It turns out that, to
study the effect of extreme magnetic fields on the electrical
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properties of solids, magnetic fields are not needed: they can
be replaced by deformation.

An alternative method for achieving pseudomagnetic
fields with their uniform distribution over large areas by
stretching a nanoribbon along one axis was proposed in [102].
The authors found the shape of a graphene ribbon such that
stretching at its ends gives rise to a uniform pseudomagnetic
field: with a linear decrease in the width of the graphene
domain in the lateral graphene/graphane and graphene/h-BN
heterostructures due to the broadening of a part of the
graphane or h-BN ribbon, different narrowing scales result
in different field strengths.

Thus, the use of deformation to engineer the electronic
structure of graphene at the nanoscale not only is interesting
from the fundamental standpoint but also can be very useful
for practical purposes. For example, if conditions for the
ballistic mode of carrier transport are ensured during
deformation, it becomes possible to control the current in
the transistor channel. The possibility of observing super-
conductivity at a relatively high temperature, which is quite
interesting for applications, is also predicted theoretically.

3.4 Functionalized graphene under deformation
The functionalization of graphene, as shown in a huge
number of studies, can lead to the band gap opening in
graphene. Ab initio calculations were used to study the
electronic properties of fully hydrogenated bigraphene as a
function of biaxial deformation [103]. After complete hydro-
genation, bilayer graphene was found to exhibit semiconduct-
ing characteristics with a wide direct band gap. We can see
fromFig. 11 that the band gap can be continuously controlled
by biaxial deformation. Compression can induce a semicon-
ductor-to-metal transition for hydrogenated bigraphene at a
13% stretching deformation. An analysis of the DOS showed

that the position of the conduction band minimum is
determined by the antibound states of the pz orbitals of
hydrogenated carbon atoms and the s-electrons of hydrogen
atoms, which are not significantly affected by biaxial
deformation. On the other hand, the bonds of the px and py
orbitals of carbon atoms, which determine the position of the
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valence band maximum, change sharply under biaxial
deformation (they are enhanced by stretching deformation
and weakened by compressive deformation). This immedi-
ately leads to a shift in the position of the valence band
maximum. The ability to tune the band gap of hydrogenated
bigraphene by mechanical deformation provides a way to
create electromechanical devices based on two-layer gra-
phene.

Ab initio calculations were used in [104] to theoretically
study the electronic properties of 2D crystalline graphene
oxide (GO) with the carbon/oxygen ratio of 1:1. It was found
that the GO band gap is sensitive to changes in lattice angles
due to bonds with oxygen groups. Initially, for a hexagonal
system without distortions, the angle is 120�; when varying it
in the range of 120�±134�, the band gap changes from 0 to
more than 1.3 eV, and, as the lattice angle increases, the band
gap becomes an indirect one. This fact determines the strong
dependence of the GO properties on external mechanical
stresses.

The strong effect of the adsorption of O- or H-containing
molecules on the electron states and charge transfer or
localization in graphene with various configurations of
point defects was shown in [105]. Resonant impurities (O- or
H-containing molecules) and vacancies equally change the
DOS of deformed graphene: as calculations show, they lead to
an increase in the central peak near the Dirac point (Fig. 12)
[106]. The fundamental difference between O- or H-containing
molecules and vacancies with regard to their effect on the
spectrum of states is the position of the central peak (impu-
rities/vacancies), which is centered at the neutrality point in the
case of vacancies and is shifted from this position for hydroxyl
groups due to the nonzero (positive) potential of molecules.
Figure 12 shows DOS values around the Fermi level as a
function of stretching deformation (30%) for single-layer
graphene with a fixed concentration of ordered H or O
adatoms. The band gap monotonically decreases as the
deformation increases in the armchair direction. But, in the
case of deformation in the zigzag direction, the band gap
decreases until it completely disappears at 10%, and then, at a
deformation threshold value of 12.5%, the band gap reappears
and increases as the deformation increases. It is important that
this thresholdvaluebe lower than thosepreviously estimated for
perfect defect-free graphene layers subjected to uniaxial zigzag
(23% [76]) or shear deformation (16% [79]), and practically
coincides with the expected value that combines shear and
uniaxial deformations in the armchair direction (12% [79]).

As another example of the use of deformations to control
the properties of materials, the band gap of nanoribbons
formed by chemical functionalization of graphene ribbons
can vary by up to 30% due to mechanical stresses directed
across the nanoribbons [107].

In general, a significant change in the band structure at
relatively low deformations is predicted theoretically for
functionalized graphene, which is interesting from the
practical standpoint. The predominance of theoretical stud-
ies must also be noted.

4. Straintronics
of transition-metal dichalcogenides

Among 2D materials, single-layer molybdenum disulfide
MoS2 has recently attracted considerable attention. It
belongs to the transition-metal dichalcogenides and has a
high potential for use in field-effect transistors (FETs) [108],
phototransistors [109], flexible optoelectronic and logic
devices [110, 111], and lithium-ion batteries [112]. Unlike
monatomic graphene, MoS2 is a structure with three atomic
sublayers: a transition-metal (Mo) atomic layer is located
between two layers of sulfur atoms. This allows MoS2 to
exist in different polymorphic phases and therefore to
demonstrate varying physical and chemical properties
[113]. Rupture deformations for MoS2 are low, � 11%.
The most common are the octahedral (1T) phase and the
phase with trigonal prismatic geometry (2H) [114]. The 2H
MoS2 phase has semiconducting properties with a direct
band gap [115]. The 1T phase is metallic and metastable
compared to the 2H phase [116].

A structural transition is known to occur in single-layer
MoS2 under stretching deformation. It is associated with a
relative shift of the two outer S-atomic layers and leads to a
semiconductor±metal phase transition [117, 118]. This transi-
tion is observed under a stretching deformation of � 19%
[118]. Under strong uniaxial compression, one more phase
transition occurs along the armchair direction [119]. The new
phase was found to be stable and alsometallically conductive.

Let us consider changes in the band structure of transi-
tion-metal dichalcogenides under deformation. It is known
that, with a decrease in the number of layers of MoS2 and
other transition-metal dichalcogenides, the transition from
an indirect-gap semiconductor to a direct-gap semiconductor
occurs with a simultaneous gradual increase in the band gap
(from 1.2 to 1.8 eV for monolayer MoS2) [120, 121].
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The rates of decrease in the band gap under stretching
were determined in [122] in experiments on nanoindentation
of MoS2 membranes with a thickness of 1 to 3 monolayers.
The study of the piezoresistive behavior allowed determining
the relative tensile sensitivity coefficient of these films. The
authors observed a decrease in the band gap under deforma-
tion at the respective rates of ÿ77:3� 10, ÿ116:7� 10, and
ÿ22:7� 6 meV/% for single-layer, two-layer, and three-layer
MoS2. The stronger effect for two-layer MoS2 is related to a
decrease in the distance between the layers, which affects the
orbital hybridization between the planes. In the case of three
layers, the band gap becomes indirect and decreases at a
different rate. The results obtained are in excellent agreement
with theoretical predictions [123, 124]. Optical measurements
for a monolayer MoS2 in the case of stretching deformation
caused by bending also showed that the rate of decrease in
the direct band gap is 70 meV/% [125]. Similar experiments
on the study of photoluminescence (PL) of curved struc-
tures [126] gave another value for the rate of change in the
band gap of monolayer MoS2: ÿ27� 2 meV/% for
deformations up to 1.1%. We especially note that the
change in the band gap is reversible and is reproduced
under cyclic deformations.

The change in the band gap of MoS2 films of various
thicknesses depending on uniaxial and biaxial deformations
was studied in [127, 128]. In the case of uniaxial deformation,
the optical width of the direct band gap decreases almost
linearly at a rate of ÿ45 meV/% for an MoS2 monolayer and
ÿ120 meV/% for a two-layer MoS2. In the case of biaxial
deformation of a structure consisting of graphene on three-
layer MoS2, the opposite effect is observed, and the rate of

change in the optical band gap is then much higher,
� 300 meV/%.

For an MoS2 CVD film on suspension membranes under
biaxial deformation caused by gas pressure, the authors of [129]
obtained a higher optical band gap change rate, 99 meV/%. The
biaxial deformation occurring at the center of the device can
be estimated as e � s�n��d=a�2, where a is the radius of the
hole under the membrane, d is the height of the membrane
dome above the hole, and s�n� is a parameter that depends
only on Poisson's ratio n. ForMoS2, n � 0:29, and the result is
s � 0:709. The results of studies on the effect of deformation
on the energy and intensity of peaks in the PL spectrum and
on the positions and shift rates of two Ramanmodes inMoS2
layers are shown in Fig. 13. The Raman spectrummodes shift
linearly at a rate of ÿ1:7 cmÿ1/% for A1g and ÿ5:2 cmÿ1/%
for E1

2g, which agrees well with theoretical predictions [130]
and previous experiments [131].

A tunable optoelectronic material with a spatially variable
band gap is promising for use in photovoltaics, photocata-
lysis, and photodetection. Elastic deformation can potentially
be used to achieve fast, local, and reversible band gap tuning
and the creation of artificial atoms in MoS2 films [123]. The
geometry of a `funnel' surrounded by semiconducting buffers
can lead to selective accumulation of carriers in desired
regions (Fig. 14). The operation of the proposed device
requires that the relaxation of inelastic deformation due to
the appearance of a dislocation or destruction be avoided
[132]. The stress gradient and hence the elastic deformation
gradient are maintained by a concentrated load arranged such
that stress is inversely proportional to the bend radius. Such a
deformation field resembles the potential field of a 2D
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hydrogen atom, but on a much larger spatial scale. It is in this
sense that a mechanically deformed atomic membrane can be
regarded as a mesoscopic `artificial atom,' with the electronic
and optical properties strongly dependent on deformation
fields.

The modification of the band structure under stretching
deformation was also studied for mechanically detachedWS2
and MoS2 monolayers (with the respective band gaps of 2.03
and 1.87 eV) on a flexible substrate usingmicrophotolumines-
cence spectroscopy at room temperature [133]. Under defor-
mation, the peaks demonstrated redshifts, indicating a
decrease in the band gaps. Under stress, the band gap
decreases linearly and is the same for deformation along the
armchair and zigzag directions. For a 1% deformation, the
observed decrease in the band gap is 64 meV for WS2 and
55 meV for MoS2. The use of PL and Raman spectroscopy to
study the evolution of the electronic band structure of CVD-
grown WS2 under uniaxial stretching deformation also
showed that the transition from a direct to an indirect band
gap occurs at a strain of 2.5% [134]. The ability to change the
band structure of a material by deformation is promising for
its use in flexible electronics and optoelectronics.

The effect of biaxial stretching and compressive deforma-
tions on the electronic properties of a WSe2 monolayer was
considered within DFT calculations in [135]. Under biaxial
stretching, the WSe2 monolayer preserves a direct band gap,
with a continuous decrease in its width (eventually, with a
transition to ametal) at a strain exceeding 13%.Under biaxial
compression, a transition to an indirect band gap occurs, the
band gap width decreases with increasing strain, and the
material becomes a metal at a strain of� 7%. It is shown that
stretching deformation is more efficient than compressive
deformation as regards decreasing the band gap. Biaxial
stretching changes the relative position of atoms and the

length of bonds, and p bonds are apparently formed between
W and Se, characterized by a high sensitivity to deformation.
An experimental comparison of the optical properties of four
monolayers of transition-metal dichalcogenides (MoS2,
MoSe2, WS2, and WSe2) using biaxial deformation was
carried out in [136]. For stretching deformation, a redshift of
the band gap was found, which reaches a value of 95 meV/%
for WS2 deposited on polypropylene. Changes in the band
gap depending on the stretching or compression of the
substrate for different materials are related as
MoSe2 <MoS2 <WSe2 <WS2.

First-principle calculations of the structural, electronic,
and vibrational properties of WS2, WSe2, and WTe2 mono-
layers were performed in [137] with the strong spin±orbit
coupling taken into account. The transition from a direct to
an indirect band gap was achieved at compression strains of
1% (WS2), 1.5% (WSe2), and 2% (WTe2). The band gap
passes through a maximum under compressive deformation
and decreases monotonically under stretching deformation.
In all three compounds, a strong spin splitting of the valence
band was found, additionally enhanced by stretching.

The effect of stretching deformation (up to 8%) on the
electronic structure of 2D trichalcogenide transition metals
(MX3 monolayers with M � Ti, Zr, Hf, Nb and X � S, Se,
Te) was studied by DFT calculations in [138]. Undeformed
TiS3, ZrS3, ZrSe3, HfS3, HfSe3, and NbS3 monolayers are
semiconductors with a band gap ranging from 0.80 to 1.94 eV.
DFT calculations show that biaxial and uniaxial stretching
deformations can effectively modify the band gap of many
monolayers in this class of materials. In particular, it was
found that ZrS3 and HfS3 monolayers undergo a transition
from an indirect to a direct band gap with increasing
stretching deformation. The value of the indirect band gap
in ZrSe3 and HfSe3 monolayers increases upon increasing the
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stretching deformation. The respective ZrTe3 and HfTe3
monolayers were shown to be metals that allow conversion
into indirect-gap semiconductors at e � 4% and 6%. The
TiS3 monolayer can maintain a direct band gap for biaxial
or uniaxial stretching deformations up to 8%. Variation of
the direct band gap in MS3 (with M � Hf, Ti, or Zr) under
deformation and the transition from metallic to semicon-
ducting properties of MTe3 (with M � Hf or Zr) demon-
strate interesting possibilities for producing artificial layered
structures with size-controlled direct/indirect band gaps for
applications in optoelectronics and flexible electronic
devices.

In Fig. 15a, b, we show the evolution of the band gap for
MoS2 and WS2 hexagonal monolayers under isotropic 2D
deformation [139]. In equilibrium, single layers have a direct
band gap at the K point. Under stretching deformation, the
band gap decreases linearly and becomes indirect in passing
from theG to the K point. Eventually, at a stretching of about
11%, the band gap disappears, and the monolayers acquire
metallic conductivity. Under this stretching, the bonds are
stretched, but not yet broken. A similar but weaker depen-
dence is also observed when a compressive deformation is
applied to the monolayer. Uniaxial stretching deformation
leads to a similar decrease in the band gap with a possible
transition to the metallic state. In this case, however, the
changes at specific values of stretching or compression are
smaller than those under isotropic 2D deformations. Similar
data were obtained in [140] for a number of materials and are
presented in Fig. 15c. These results are in very good agreement
with the results in [141±143].

A comparison of the results of experiments on deforma-
tion in the atomically thin 2D semiconductors MoS2, WSe2,
and ReSe2, together with some theoretical predictions for the
band gap change, are presented in review [36]. In Fig. 16, we
summarize the maximum band gap changes measured by
optical spectroscopy methods for the maximum attainable
deformations. Some theoretical predictions for the change in
the band gap under large deformations are also included in
Fig. 16 to illustrate the prospects for possible modification of
the band structure in atomically thin semiconducting materi-
als at the maximum deformation they can withstand before
rupture.

Tuning the band gap of a semiconductor by deforma-
tion is an interesting chance to control the electrical and

optical properties of 2D materials. As was shown in [149],
controlling the level of deformation allows changing the
photosensitivity of a detector made of MoS2 by 2 to 3 orders
of magnitude, the response time from 80 ms to 1.5 s, and
the spectral bandwidth with a coefficient of 135 meV/% or
58 nm/%. The rapid tuning of such photodetectors opens the
possibility of fabricating an artificial device that mimics the
functions of the human eye. Therefore, 2D transition-metal
dichalcogenides hold great promise for future straintronic
devices (as tunable photonic cells), where deformation is used
as a regulator to adapt their properties. MoS2 photodetectors
can be tuned from a state with a narrow bandwidth and low
sensitivity and to a broadband, high-sensitivity state.

5. Silicene, germanene, phosphorene,
and other graphene-like monolayer materials

Silicene and germanene are 2D allotropic modifications of
silicon and germanium with a 2D crystal structure similar to
that of graphene. Silicene and germanene are zero-gap
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semimetals with a linear Dirac cone near the Fermi energy.
Similarly, phosphorene is a 2D modification of black
phosphorus, obtained by slicing black phosphorus into
monatomic layers, and is a semiconductor with a direct
band gap of 1.75 eV. The band structures of these materials
are also affected by uniform deformation [150±152]. Research
results show that the width of the band gap at theDirac points
for silicene increases under compressive deformations at the
level of several millielectronvolts. Germanene has an energy
band gap of � 24 meV under similar conditions. The
characteristic bent structure of silicene and germanene leads
to a deformation-induced self-doping phenomenon, as shown
in first-principle calculations [153]. The Dirac point was
found to move below the Fermi level for compressive
deformations, resulting in n-doped samples, while p-type
doping can be achieved under stretching. In [152], direct
band gaps of 264, 335, and 238 meV at the K point were
found under 4% uniaxial compression, biaxial compression,
and asymmetric deformation. When stretching deformation is
applied, the band gap width is approximately three times
smaller. With a further increase in stress above 8%, silicene
turns into a metal for both types of deformation. The
maximum tensile strength is estimated as 3.4 GPa.

The effect of voltage on the electronic and mechanical
properties of single-layer black phosphorus was studied with
first-principle calculations in [154, 156, 157]. A detailed
comparison of the electron band structures of black phos-
phorus obtained with various numerical methods is presented
in [154]. It turns out that the electronic and optical band gaps
and the binding energy of excitons increase (decrease) under
stretching (compressive) deformation [154, 157]. For biaxial
deformation, this trend is shown in Fig. 17a. The applied
stretching deformation significantly enhances the transport
of electrons along the black phosphorus zigzag direction.
Uniaxial deformation gives similar results (Fig. 17b) with a
transition from a straight to an indirect band gap at a

compressive deformation of the order of 5% [155]. Deforma-
tion perpendicular to the black phosphorus layer was studied
in [156]. This type of deformation leads primarily to a direct±
indirect band gap transition, and a semiconductor-to-metal
transition is expected under stronger uniaxial deformations,
of the order of 24GPa. Themeasured value of the optical band
gap width for single-layer black phosphorus is about 1.45 eV
[155], which is in good agreement with the value of 1.61 eV
calculated in [154].

The use of deformations as an engineering method for
graphene-like monolayer materials leads to significant
changes in the band structure and results in doping the
materials and hence in a change in transport properties.
Prospects for controlling the band structure and electrophy-
sical properties have been mainly outlined in theoretical
studies. Experimental data for these materials are currently
scarce. Experimental work on black phosphorus monolayers,
promising for the creation of new photovoltaic devices that
cover a wide range of the solar spectrum, is limited by the low
stability of this material due to its oxidation in air.

6. Deformation engineering of 2D materials

Device structures using 2D materials are actively being
developed for flexible electronics, and deformation engineer-
ing is widely used as an important factor to control the
properties of raw materials and device structures. The goal
of this approach is to use mechanical stresses to tune the
electronic and photonic characteristics of 2D materials and
ultimately to create promising devices based on them. Recent
experiments on the deformation engineering of 2D materials
have shown both new possibilities for fundamental physics
and unexpected applications of straintronics approaches. We
consider some recent advances in applying mechanical
deformations to vary the properties of 2D materials for their
use in nanoelectronics.
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6.1 Tunneling resistance modulations under deformation
of monolayers
The development and study of new nanostructured composite
materials often lead to the creation of deformed layers that
play the role of tunnel-transparent barriers and determine the
functional properties ofmaterials. For example, the possibility
of tunneling resistance modulation inMoS2 monolayers using
the conducting tip of an AFMwas demonstrated in [158]. The
resistance between the conducting AFM tip and the bottom
electrode separated by an MoS2 monolayer was studied, as
shown in Fig. 18. The sharp tip allows applying pressures of
several GPa, under which the resistance of the MoS2
monolayer is reversible and changes exponentially by three to
four orders of magnitude. A significant change in resistance is
explained by quantum tunneling, when the thickness of the
MoS2 monolayer is modulated by the tip. A defect-free MoS2
monolayer can serve as an active layer for nanoelectromecha-
nical switches. Double-layer and few-layer MoS2 also showed
a change in resistance by 2 to 3 orders of magnitude under
voltage modulation, but with a higher resistance for the `on'
state, which is less attractive for applications than is single-
layer MoS2. The authors suggest that, in addition to MoS2,
anyhigh-quality 2D semiconductors (monolayers suchasWS2
andMoSe2) can also be used as a material for switches.

6.2 Locally deformed films:
deformation-related effects and possible applications
Different approaches are used to produce locally deformed
films (Fig. 19): monolayers transferred onto nanopillars
[159] and onto closely packed SiO2 nanospheres of different
diameters [160], and monolayers with folds, blisters, or a
combination of them [161, 162]. The average deformations
that arise, for example, depending on the diameter of SiO2

nanospheres, change several-fold. If the corrugation ele-
ments are high and sharp, then most of the graphene is
suspended and does not interact with the substrate; on the
other hand, if the substrate relief is smooth, then the
graphene±substrate interaction is uniform and weak. There-
fore, it is most desirable to have spatially bound corrugated
substrate elements with a small curvature radius (for
example, small arrays of nanospheres) such that graphene
is mostly attached to the substrate but has sufficiently strong
inhomogeneities, so as to be subject to locally nonuniform
deformation. This design principle can be applied not only to
graphene on SiO2 but also to all other 2D materials on
various substrates.

Various approaches to the creation of periodically
deformed structures from different 2D materials are dis-
cussed in review [163]. In Fig. 19d, we show the work of
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adhesion for various material±substrate 2D systems consid-
ered in [164]. These results show that deformations in 2D
materials rely on the properties of interfaces, and primarily on
adhesion, defining the fundamental principles for designing
mechanical deformations in 2D materials and heterostruc-
tures for modern applications.

The frequency shifts of the Raman spectra peaks in 2D
materials under deformation allow using this dependence for
studying local deformations. For example, folds formed in
CVD graphene due to the difference between the thermal
expansion coefficients of graphene and copper substrate have
been analyzed theoretically from the standpoint of local
deformations introduced by them [165] and from the
standpoint of engineering based on the use of these deforma-
tions [166]. It was shown theoretically that the magnitudes of
deformations vary several-fold, depending on the method of
connecting the folds to each other. On the other hand, the rate

of shift of the 2D Raman spectra peak in the region of folds
has been determined experimentally in the range of 25±30 to
60±70 cmÿ1/% [167]. The difference is due to the geometric
size of the fold grid. In addition, blisters (or nanobubbles) can
form arbitrarily or in a controlledmanner in 2Dmaterials due
to various causes and can be used to alter the properties of
thesematerials [168]. The principalmechanisms of formation,
evolution, and destruction of folds have been discussed in
numerous studies, which can lead to the understanding of
these phenomena at the atomic level and provide guidelines
for the introduction of folds in graphene for specific
applications [169, 170].

As we have noted, controlling the band structure by
locally deformed 2D layers is an important approach to
tuning the optoelectronic properties of materials at the
nanolevel. Atomically thin materials are particularly well
suited for this purpose, because they can withstand extreme
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nonuniform deformations before being ruptured. The idea of
a `funnel' (or a mesoscopic artificial atom) was realized in
[171], where the effect of local deformations in the region of
folds on the electronic band structure of atomically thinMoS2
was considered (Fig. 20). Photoluminescence imaging allows
observing the deformation-induced decrease in the direct
band gap and the change in the spectrum of photoproduced
excitons in the region of higher deformations.

Nonuniform uniaxial deformation produced by creating
folds was also used to modify the ReSe2 band structure [148].
In that study, the effect of deformation on the electrical and
magnetic properties of ReSe2 was investigated using the fold
method. The formation of folds was shown to be attended by
a red shift of the Raman and PL peaks in the spectra and a
change in the conductivity of the material with folds.

The ability to adapt the PL of single-layer transition-
metal dichalcogenides using deformation is of considerable
interest for optoelectronic applications. It was shown in [172±
174] that the use of nonuniform deformations and the
creation of `artificial atoms' lead to the formation of a funnel
for excitons. Creation of hydrocarbon-filledMoS2 blisters on
an atomically flat substrate results in controlled localized PL
from different submicrometer regions. The energy of radia-
tion of such structures is determined by the built-in deforma-
tion and can be controlled by the choice of the substrate
material (Fig. 21). As a result, both themaximum deformation
and the deformation profile are universal for all blisters on a
given substrate, regardless of their size. It was shown that, for
blisters formed by a MoS2 monolayer, the PL can be tuned in
the range of 1.72±1.81 eV by choosing bulk PtSe2, WS2,MoS2,
or graphite as the substrate, and the PL intensity is significantly
enhanced by the `funnel' effect. PL quenching in regions of
good contact between the MoS2 monolayer and the substrate
ensures the localization of the glow only in blisters. For other
compounds (black phosphorus, HfS2), deformations lead to a

local increase in the band gap (Fig. 21e, f) [173±176]. This also
allows designing structures with a modulated band gap and
local regions of enhanced PL. The proposed approach thus
opens prospects for the creation and study of light-emitting
`artificial atoms' for use in specific applications.

A theoretical model of the effect of deformation on the
charge distribution and its transfer to graphene (deforma-
tions out of the graphene plane) is presented in [177] in terms
of scalar and pseudomagnetic fields that control the electron
dynamics. Two different geometries, a blister and a fold, are
chosen to represent the deformations observed most com-
monly under experimental conditions. It is shown that local
charge accumulation regions with a peculiar charge distribu-
tion form inside the deformed regions, contributing to the
population of only one sublattice (K or K0). Under certain
conditions, resonant states are observed in localized charged
regions, which gives rise to the presence of discrete levels in
the band structure. This is similar to the bounds created by
potential barriers. In addition, electron currents through the
stressed regions are spatially separated into their valley
components, which allows manipulating electrons with
different valley indices. A double-fold structure can be used,
where the first fold acts as a polarizer and the second as a
detector of electrons in different valleys.

Deformation can help control the charge density distribu-
tion at the sublattice level or globally in the deformed region.
Localized states that determine the transport properties of
graphene can arise in graphene folds. For example, electron±
electron interactions usually do not manifest themselves in
graphene, but they can become dominant in deformed
graphene [178, 179].

Interesting transport phenomena can also be studied from
the standpoint of the interaction between an externalmagnetic
field and the deformation-induced pseudomagnetic field [180].
Because the external magnetic field has the same effect on the
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two valleys, but the pseudomagnetic field has opposite effects,
the balance between the electrons in the valleys is violated. The
electrons from different valleys can be filtered by applying an
external magnetic field of the same magnitude as the constant
pseudomagnetic field in triaxially deformed graphene, where
the magnetic field is compensated for electrons in one valley,
and electrons in the other valley experience the magnetic field
equal to twice the external field [180].

6.3 Combining deformation
and layer rotation in bilayer structures
To control the functional properties of materials, it is
interesting to combine deformation with other adjustable
factors, for example, moir�e patterns in bilayer structures
[181, 182]. It was proposed recently that the effect of
interlayer coupling on electrons in twisted two-layer gra-
phene can be understood in terms of the appearance of
pseudomagnetic fields [183, 184]. Interesting effects can be
expected in the presence of pseudomagnetic fields arising
from both deformation and moir�ee patterns. Recent studies
of unfolded layers of bilayer graphene have shown that
deformation can increase the separation of the conduction
and valence bands and can also determine a lower bound for
the Fermi velocity [181].

It is well known that the band structure of a graphene
bilayer is strongly affected by the type of structure of these
layers and especially by the mutual rotation of the layers (see,
e.g., [185, 186]). It has been shown theoretically and

experimentally that, when rotated through the so-called
magic angle at low temperatures, bigraphene become super-
conducting [187, 188]. The magic angle is the one at which the
Fermi velocity in the material decreases to zero as a result of
the formation of a flat zone and the appearance of strong
electron±electron interactions. In bilayer graphene, the first
magic angle is close to 1:1�.

The deformation-induced evolution of the local electronic
properties of a graphene bilayer with unfolded layers (at the
rotation angle of 5:1�) was studied by scanning tunneling
microscopy and spectroscopy (STM and STS) in [189]. As a
result of the rotation, a superlattice is formed in the graphene-
on-graphene bilayer, which determines the local band
structure (Fig. 22). The folds of the bilayer introduce local
deformations of the lattice, which at a zero magnetic field
results in effects that simulate the quantization of massive
chiral fermions of two-layer graphene with a Bernal lattice in
a perpendicular magnetic field of about 100 T along the
strained fold. In addition, deformation leads to the appear-
ance of a significant energy band gap at the neutrality point.
The sharp peaks on curve 8, the authors believe, are
associated with the Landau quantization of a stressed
graphene bilayer in a strong pseudomagnetic field.

By not only rotating the layers relative to one another but
also stretching them independently of each other, a certain
difference can be created between the periods of the crystal
lattices of the layers [190]. Graphene layers were considered to
be rotated through 1:25� relative to each other. The structures
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were created from graphene grown on SiC and the deformed
top layer. The stretching deformation in the experiment was
0.35%. The authors of [190] note that the layers can be
stretched independently of each other in two-layer graphene,
because they are interconnected not by a covalent bond but by
a relatively weak vdW interaction. The resulting structures
and the results of their measurements are shown in Fig. 23. As
in the case of undeformed two-layer graphene, regions of
regular alignment of two layers alternate in the formed
structure with regions where the layers are shifted relative to
each other by half a period; such regions, however, do not
form a hexagonal lattice but a more complex one. As a result,
uniaxial heterodeformation suppresses Dirac cones and leads
to the appearance of bands with different properties (AA and
AB) in the unfolded graphene layers. The differential
conductivity, which is proportional to the local DOS in
regions AA and AB, was measured at T � 50 mK; it is
shown in Fig. 23c. Interestingly, the heterodeformation of
the structures does not suppress the electron localization
caused by moir�e formation. The most important feature of
the measured characteristics of heterodeformed structures is
the presence of a group of resonances (E01, E0, and E1) located
near zero energy. An additional analysis is required to
understand the nature of the observed peaks; however, the
results obtained demonstrate new possibilities for directed
changes in the properties of vdW structures.

The critical parameter in bigraphene structures is the
interlayer adhesion strength, which can be tuned in a
controlled manner by changing the interlayer separation in
vdW heterostructures using hydrostatic pressure. It was
shown in theoretical paper [191] that the effect of a
hydrostatic pressure of about 2 GPa on bigraphene layers
rotated through a small angle allows increasing the magic
angle to 1:5� (instead of � 1:1�) due to enhanced tunneling
between layers. Such layers have a significantly greater
structural resistance to moir�e deformations and have a finer
moir�e pattern.

Combining hydrostatic pressure with controlled rotation
of layers in bilayer structures provides opportunities for

dynamical control of the bilayer band structure. For exam-
ple, in devices where bigraphene is encapsulated by boron
nitride, an increase in pressure applied to the moir�e super-
lattice leads to an increase in the band gap width [192].
Theoretical modeling demonstrates the significant role
played by atomic-scale structural deformations and reversi-
ble changes to the band structure by hydrostatic compression.

It has been shown theoretically that current-voltage
characteristics in zigzag graphene nanoribbons can feature a
negative differential resistance caused by quantum selection
rules [193]. The magnitude of the effect depends on the type
and direction of the applied deformation: for a stretching
deformation along the ribbon axis, the on/off ratio increases,
while for compressive deformation, the negative differential
resistance gradually disappears. This property can be useful
for a nanoelectromechanical switch. In addition, under an
oblique uniaxial deformation, a transverse current arises
between the upper and lower edges of the nanoribbon.

6.4 Self-assembly of foreign atoms
on the surface of graphene using deformations
Surface adsorption of foreign atoms is regarded as a
promising way to tune the electronic and chemical properties
of graphene and other 2D materials [194, 195]. In particular,
the hydrogenation of graphene is an elegant way to open the
graphene band gap and has been extensively studied both
experimentally and theoretically [196±198]. However, placing
hydrogen atoms or other atoms and molecules in the right
places inside graphene is not easy. Deformation engineering
will hopefully be a promising way to promote the self-
assembly of adsorbed atoms on graphene [199]. In the case
of deformations, a relief appears on the surface, and locations
with a higher curvature become more chemically active [200]
and act as preferable sites for the adsorption of impurities.
Figure 24 illustrates this idea as expounded in [201]. For a
uniaxial compressive strain exceeding a certain critical value
ecr, a flat graphene sheet becomes undulating. Based on the
continuum mechanics model [202], this critical strain can be
calculated as ecr � �hnp�2=12�1ÿ n 2�L2, where h is the
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graphene thickness, n is the number of waves, and n � 0:34 is
Poisson's ratio. For graphene sizeL � 10±104 nm, the critical
strain ecr is extremely small (< 0:1%) [29]. The wave period is
modulated by the graphene length and compression deforma-
tion. Hydrogen atoms are adsorbed on carbon atoms with the
highest curvature, forming a highly ordered functionalization
of graphene (Fig. 24c). Carbon atoms are more reactive in the
locations of bends, because, instead of the electronic sp2

configuration in planar symmetry, the C atom acquires the
sp2 � d configuration, which is closer to sp3. Therefore, less
energy is required for adsorption in curved regions than in flat
regions. The formed functionalized bands separate the
graphene ribbon by potential barriers and lead to the band
gap opening. Similar effects can be observed under the
functionalization of graphene with fluorine [203, 204] and
other atoms and molecules.

Thus, in addition to the ability to control the surface
nanorelief and hence the band gap width, it became possible
to control the process of adsorption and desorption of
impurity atoms and the reversible metal±semiconductor±
metal transition. Similar nanorelief structures were realized
experimentally for graphene on a prestretched elastomeric
substrate [205±207].

This idea also applies to the self-assembly of other atoms
such as F, Cl, and O on graphene. If epitaxially grown
graphene is oxidized using atomic oxygen in an ultrahigh
vacuum, then the inevitable formation of a nanorelief results
in the adsorbed O atoms preferring to occupy certain regions
with the highest local curvature [208, 209]. Folds that form
during the growth of graphene on copper and remain after the
transfer to another substrate, as well as folds artificially
formed in a 2D material, act similarly.

A physical model for the self-assembly of CCl2
molecules on graphene was proposed in [210]. The self-
assembly of the adsorbed layer was shown to be deter-
mined by a combination of the curvature of the graphene
sheet, local distortions introduced by molecular adsorp-
tion, and intermolecular repulsion at short distances. The
thermodynamics of bivalent covalent molecular adsorption
and the resulting electronic structure have been calculated
using the DFT. A direct band gap was shown to open with
a width that can be tuned by changing the coating. This
provides a mechanism for designing the electronic structure
of graphene and hence its use in semiconductor technolo-
gies.

7. Deformation-related effects
in heterostructures made of 2D materials

Heterostructures play an important role in modern semicon-
ductor devices and in many applications of micro and
nanosystems in electronics and optoelectronics. The most
intriguing frontier of modern heterostructures is the struc-
tures of monoatomic layers. Deformation engineering of
materials and heterointerfaces is currently regarded as a way
to adjust (modify) electron states, energy bands, and func-
tional properties of heterostructures, which helps in the
discovery of new physical phenomena or new applications of
2D heterostructures [37].

Monolayer strained heterostructures �InAs�1ML�=
GaAs�1ML�� were first produced back in 2000 [211]. Lattice
mismatch stress in such heterostructures has been used to self-
form various structures with 3D shapes: nanotubes, spirals,
corrugated films, hemispheres, etc., with bending radii down
to 1 nm [212]. It was shown that the elasticity theory is
applicable to these heterostructures with a thickness of
several monolayers, which allowed calculating the change in
the band gap under the action of deformation. Changes in the
band gap width in multilayer nanotubes and in periodically
compressed and stretched layers of nanocompressed struc-
tures were given in [212, 213]. Huge changes in the band gap
width, up to 0.8 eV, and quantum processes lead to the
formation of fundamentally new structures important for
applications. Stressed structures can shape graphene and
other 2D materials [214].

Lateral heterostructures based on graphene and graphane
ribbons (hydrogenated graphene) were considered in [215].
Band gap opening is predicted theoretically, with the width
oscillating with a change in the distance between graphane
chains. An interesting possibility is the creation of a bandwith
quasimetallic conductivity enclosed by graphane ribbons
with a large band gap (an electron waveguide). Moreover, it
has been shown that the nanoribbon band gap can vary by up
to 30% due to mechanical stresses directed across the
graphane ribbons.

7.1 Mutual influence of layers in heterostructures
on their mechanical properties
When using the layer transfer process to produce vdW
heterostructures, the question arises as to whether a strong
interlayer interaction is present in such structures. Mechan-
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ical measurements can determine the coupling between layers
[59]. Figure 25 shows the results of measuring Young's
moduli of individual monolayers and heterostructures
based on them, as well as the layer coupling coefficient. If
there is no interaction between the layers, the upper layer can
freely slide over the lower one, and the measured Young's
modulus of the two-layer structure is determined only by the
lower layer, which is fixed on the substrate. None of the
monolayer heterostructures studied in [59] demonstrates slip.
The measured Young's modulus of a two-layer heterostruc-
ture can be phenomenologically described as E 2D �
E 2D
bottom � aE 2D

top, where a is the layer coupling coefficient,
which ranges from 0 to 1. Comparing Young's moduli of the
heterostructure with the sum of those for monolayers, we can
estimate the layer coupling coefficient, which turns out to be
close to unity.

Transition-metal dichalcogenides such as MoS2 are
layered semiconducting materials that are promising for
applications in flexible electronics, but their low mechanical
strength (see Table 1) is an obstruction to their practical use.
Both two- and three-layer heterostructures formed by MoS2,
supported or encapsulated by graphene, were considered in
[221]. Mechanical properties such as Young's modulus, the
flexural modulus, the maximum tensile stress, and the break-
ing strain are extracted from nanoindentation and compared
with single-layer and homogeneous two-layer systems. The
simulation results and their comparison with known experi-
mental data are given in Table. 3. Regardless of the order of
assembly, the heterostructures turn out to be mechanically
more stable than mono- and two-layer MoS2, mainly due to
themechanical reinforcement provided by the graphene layer.
Themaximum tensile stress and breaking strain values are the
same for two- and three-layer heterostructures and are
significantly higher than for mono- and two-layer MoS2.
These results demonstrate the potential of graphene-based
heterostructures to improve the mechanical properties of
transition-metal dichalcogenides.

Heterostructures made of a layer of silicene placed
between two layers of graphene were studied theoretically in
[227]. The maximum stress and Young's modulus of hetero-
structures increase by about an order of magnitude compared
to the corresponding parameters of silicene. Thus, the use of
heterostructures to strengthen monolayers of various 2D
materials is very promising for the design of flexible
electronics.

Van der Waals heterostructures made of MoS2 and
graphene monolayers are amenable to experimental studies
of the interaction between semiconductor and semimetallic

2D materials [228]. As a result of the interaction between
layers, a redistribution of electrons in heterostructures is
observed, which leads to a shift of the Dirac point and the
peak positions in Raman spectra. The A1g peak position
(MoS2) is shifted by 0.7 cmÿ1 toward higher frequencies (blue
shift), and the G peak, associated with graphene, by about
7 cmÿ1 toward lower frequencies (red shift). The Fermi level
of G=MoS2 vdW heterostructures is higher than that of the
original graphene, which suggests a decrease in the concen-
tration of holes in graphene and a displacement of the Fermi
level toward the Dirac point due to the transfer of electrons
from MoS2 to graphene. In BN=G=MoS2 structures, the
presence of the h-BN layer increases the Fermi level of
graphene (from ÿ267 to ÿ188 meV for the graphene Dirac
point and from ÿ209 to ÿ140 meV for graphene/MoS2
structures), indicating that the insulating coating reduces
p-type doping effects.

7.2 Effect of deformation on the electronic spectrum
and properties of heterostructures
At present, 2Dmaterials are being actively studied as the basis
of flexible electronics. We note that heterostructures belong
to the area where the understanding of the effect of
mechanical stresses is still somewhat limited. Such an under-
standing of the effects associated with deformation is
especially important for instrumental devices of nanoelec-
tronics made of 2D materials in which significant mechanical
deformations can be built in constructively. Using Kelvin
probe microscopy, the effect of uniaxial stretching on
graphene/WS2 (mono- and multilayer) heterostructures was
studied in [229]. The work function of both graphene and
WS2 in graphene/WS2 heterostructures was found to increase
with deformation. This corresponds to efficient deformation
transfer between graphene andWS2, which indicates a strong
vdW interaction, charge transfer efficiency, and mechanical
stability of the heterostructures. The increase in the work
function is presumably associated with p-doping of materials
due to the charge transfer between the layers and the organic
substrate (polyethylenenaphthalene) and the corresponding
decrease in the position of the Fermi level.

The effect of normal compressive deformation on the
electronic and mechanical properties of MoS2 multilayer and
MoS2/graphene heterostructures was studied using the DFT
in [222, 230]. An example of the experimental implementation
of the normal compressive deformation can be seen in Fig. 18;
theoretically, this was done by decreasing the distance
between layers. It was shown (Fig. 26) that, due to a strong
dependence of the band gap width of multilayer MoS2 on the

Table 3. Mechanical properties of monolayers and heterostructures. G: graphene, M: MoS2. E is Young's modulus normalized to the monolayer
thickness (0.345 nm for graphene and 0.609 nm forMoS2),D is the bendingmodulus, s 3D

max � s 2D
max=h is the tensile strength, where h is the layer or structure

thickness, eint is the fracture deformation [221].

Structure
E, GPa D, eV s 3D

max, GPa eint, %

Theory Experiment/
reference

Theory Experiment/
reference

Theory Experiment/
reference

Theory Experiment/
reference

G
G/G
M

M/M
G/M
M/G

G/M/G
M/G/M

1050
1060
160
270
530
520
680
450

1000 [32]
1040 [226]
270 [222]
200 [222]
490 [59]

560 [119]

1.2
54.8
8.5

73.5
120.6
113.1
726.9
698.4

1.17 [224]
35.5 [223]
9.6 [226]

214
237
36
30

128
116
136
100

125 [32]
128 [226]
25 [222]
23 [222]

19
18
10
6
15
15
10
14

25 [32]
25 [226]
6 [222]

11 [222]
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normal compressive deformation, a semiconductor-to-metal
transition can occur. For two-layer structures, the transition
occurs at a 6.2±8.7%deformation; theminimum deformation
was obtained for the AB2 bilayer (see Fig. 26) due to the
minimum distance and the strongest interaction between the
sublayers in that structure. The change in the band gap width
is reversible, and when the deformation is removed, the
structure returns to its original state. This makes hetero-
structures promising for sensor applications. Two different
MoS2/graphene heterostructures with different numbers of
cells were studied. The first heterostructure, H1, exhibits

stretching deformation by 1.66% in the graphene plane and
compressive deformation by 1.75% in the MoS2 plane. In the
H2 structure, the graphene plane was compressed by 0.24%,
and the MoS2 plane was stretched by 2.81%. We note that
graphene structures on the MoS2 substrate demonstrate a
high carrier mobility, about 60,000 cm2 Vÿ1 sÿ1 [224, 231],
making MoS2 a promising substrate for graphene. In
addition, as shown above, graphene/MoS2 heterostructures
exhibit excellent mechanical properties due to the presence of
graphene [221]. The graphene/MoS2 band structure is a
combination of the band structures of graphene and MoS2,
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Figure 26. Alterations in the band structure at normal pressure for MoS2 bilayers and MoS2/graphene heterostructures. (a) Top view and side view for

different atomic structures ofMoS2 bilayers. (b) Top and side views of supercells H1 (5� 5 graphene/4� 4MoS2) and H2 (4� 4 graphene/3� 3MoS2).

(c) Band structure of one of the AA1 bilayers in the absence of external pressure. (d) Change in the width of the direct and indirect band gap of an AB1

bilayer as a function of the applied strain. (e) Band structure of the AB1 bilayer under 4%, 6%, and 8% deformation. (f) Band structure of H1 and H2

heterostructures under 6% deformation. (g) Changes in the fn and fp barriers, the position of the Dirac point for graphene, the valence band maximum

(VBM), and the conduction band minimum (CBM) for MoS2 in H1 and H2, depending on the deformation [223, 230].
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and a linear dependence of dispersion for graphene at the
Dirac point is preserved in the heterostructures. The direct
and indirect MoS2 band gap width can be controlled in
heterostructures by normal compressive deformation, and in
the second heterostructure the band gap is smaller due to the
stretching ofMoS2. The band structure inH1 turned out to be
strongly dependent on the normal compressive deformation,
which changes the distance between the layers, the barrier
height, and the charge transfer between graphene and MoS2.
In H1, the minimum of the conduction band and the
maximum of the valence band move upward, which increases
the n-type barrier and reduces the p-type barrier. At a normal
compression deformation of more than 13%, the MoS2 band
gap becomes indirect, and, at a deformation level of 13.5%,
the heterostructure changes the bending of the bands from the
n-type Schottky barrier to the p-type.

In H2, the Dirac point of graphene is located above the
conduction band minimum; this means that, when a stretch-
ing deformation is applied to MoS2, a semiconductor-to-
metal transition occurs. As the compressive deformation in
H2 increases, the Dirac point of graphene moves downward
due to charge transfer between layers; more and more
electrons therefore go from MoS2 to graphene. We note a
discrepancy between the results of theory and experiment
[123] in predicting the band gap width, which is due to an
underestimation of the band gap width calculated using the
DFT. Nevertheless, the general tendency describing the effect
of normal compressive deformation coincided with the
experimental results. Similar results were obtained in model-
ing MoS2/graphene transistor heterostructures [225, 232],
where it was shown that the band gap width can be changed
by varying the distance between graphene and MoS2 by
applying deformation or gate voltage.

Nanomechanical devices based on MoS2/graphene vdW
heterostructures were created and studied in [230, 233]. By
transferring an MoS2 monolayer onto suspended layers of
graphene (one to four monolayers in thickness), heterostruc-
tures can be obtained that exhibit stable nanomechanical
resonances in the high-frequency range (up to � 100 MHz).
The resonance frequencies of the fundamental mode of
heterostructures are between the values for graphene (50±
120 MHz) and MoS2 devices (20±60 MHz). The Q-factor of
the obtained resonators is lower than that of graphene, but is
comparable to the Q-factor of devices based on MoS2, which
is presumably associated with a strong interlayer interaction
in vdW heterostructures. Suspended structures are in a
stretched state, and the resonance frequencies of heterostruc-
tures compared to those for graphene and MoS2 are
determined by the level of stretching. Hence, in the case of
strong interlayer interaction, suspended heterostructures with
mechanically coupled atomic layers are promising for use in
nanomechanical systems.

A high-sensitivity deformation sensor based on a variable
Schottky barrier in an FET on an MoS2/graphene hetero-
structure was proposed in [234]. The low DOS near the Dirac
point in graphene allows significantly modulating the posi-
tion of the graphene Fermi level and the height of the
corresponding Schottky barrier in the MoS2/graphene
structure due to deformation-related injection of charge
from MoS2 into graphene. Simulations and measurements
of the temperature dependence of conductivity show that the
change in the Schottky barrier is maximum if the graphene
Fermi level is at the neutrality point, which is achieved by
applying a voltage to the gate (an oxide-coated silicon

substrate is typically used as a gate). As a result, the
maximum change in the Schottky barrier at a 0.17%
deformation reaches 118 meV, and the corresponding
current change factor is � 103, which leads to an ultrahigh
sensitivity of the sensor (current change factor of
� 5:7� 105). As a result, the sensitivity of deformation
sensors based on MoS2/graphene heterostructures is signifi-
cantly higher than that of sensors based on Au=MoS2
(1:2� 103) and on ZnO (4:0� 103). The ultra-high sensitiv-
ity of FETs with a graphene/MoS2 channel can be used to
develop a range of electronic and mechanoelectronic nanoe-
lectronic devices.

Selective and scalable growth of WS2 on graphene allows
designing WS2/graphene heterostructures [235]. Based on
Raman spectroscopy data, it was found that, after the
synthesis of WS2, graphene undergoes compressive deforma-
tion and doping with holes to 1013 cmÿ2. The doping is
associated with modification of the SiO2 stoichiometry on
the graphene/SiO2 interface during the WS2 growth. Elec-
trical transport measurements show that, at high positive gate
voltage, the heterostructure behaves like an electron-blocking
layer, making it a suitable candidate for the development of
unipolar optoelectronic components.

Another approach to the analysis of the interaction
between layers in heterostructures was proposed in [11]. An
in situ study of the Raman spectra of vertical CVD-grown
WS2=MoS2 heterostructures subjected to bending revealed a
transition from bonded monolayers to the destruction of
these bonds and interlayer slip. The Raman spectra shown
in Fig. 27 show a jump in the shift in the positions of Raman
peaks at a stretching deformation of 1.2%. The conclusion
about the slip of the layers is also supported by microscopy
data. Thus, a weak interlayer coupling in WS2=MoS2
heterostructures has been shown, and the change in the
coupling between monolayers under deformation can be
directly observed using Raman spectroscopy.

It is known that layers of MoS2=WSe2 and WS2=MoSe2
heterostructures are semiconductors with respective direct
and indirect band gaps [236]. The direct band gap in the
WS2=MoSe2 heterostructure can be achieved by applying a
compressive deformation of � 0:5%. The K point of the
valence band then shifts toward higher energies, reducing the
band gap width. An important conclusion in [236], that the
properties of a heterostructure are typically strongly affected
by the order of layers, is supported by many other authors.

When creating lateral heterostructures from mono-
layers of transition-metal dichalcogenides (MoSe2=MoS2,
MoS2=MoSe2, WSe2=MoS2, and MoS2=WSe2), internal
deformation occurs as a result of lattice mismatch between
layers, which significantly affects their electronic properties
[237]. The built-in deformation can decrease or increase
the coupling strength between nonmetallic p- and metallic
d-orbitals and therefore change the splitting between the
bound and antibound states at high-symmetry K points.
This has been shown theoretically to result in a relative shift
of the band gap edge (up or down) or a shift of the maxima
and minima of the states, up to the indirect±direct band gap
transitions. The hybridization of states plays an important
role in the shift of the band edge, because different 2D
materials have different strain resistances. In addition,
charge transfer across the heterojunction also affects the
band gap width, and degeneracy of band edges can also be
violated due to the built-in deformation. In the presence of
deformation, the coupling strength of 2Dmaterials in a single
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heterostructure decreases. Thus, it has been shown not only
for vertical but also for lateral heterostructures that external
and built-in deformations determine the band structure,
defect formation, and the conductivity of heterostructures.

The absence of a band gap in graphene restricts its
applications; therefore, other 2D materials based on group-
IV elements with linear Dirac cones, such as silicene,
germanene, and stanene, are widely studied [238]. Van der
Waals heterostructures help overcome the low mechanical
strength of monolayer materials and expand their electronic
and optoelectronic applications [239]. For example, a direct
band gap has been shown theoretically in MoS2/stanene
heterostructures. During the formation of heterostructures,
electrons pass from stanene to MoS2, which gives rise to an
internal built-in electric field. The deformation, which
reduces the distance between the layers, noticeably increases
the heterostructure band gap and carrier concentration. In

addition, the combined effects of the internal and external
electric fields can additionally change the band gap width
and, if the external electric field is equal in magnitude and
opposite in sign to the internal one, the heterostructure
restores the Dirac cone.

The structures and electronic properties of phosphorene/
graphene heterostructures were studied theoretically by the
DFT in [240]. It was shown (Fig. 28) that the individual
properties of phosphorene and graphene are preserved due to
the weak coupling between the layers. The electronic proper-
ties of the Schottky barrier in a phosphorene/graphene
heterostructure can be tuned from the p-type to the n-type
using in-plane compressive deformations in the range from
ÿ2% toÿ4%. After analyzing the overall band structure, the
authors found that the change in the work functions of
phosphorene and graphene monolayers and hence the transi-
tion of the barrier from the n-type to the p-type are the result
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of a shift in the Fermi level in the phosphorene/graphene
heterostructure under deformations in the structure plane.
The possibility of tuning the electronic properties of phos-
phorene/graphene heterostructures using deformations pre-
sumably provides a basis for the development and manufac-
ture of FETs and logic elements made of these materials.

Due to the high chemical activity of phosphorene, its
structure is unstable against external influences. To protect
chemically active 2D materials, heterostructures are often
created from chemically active (inner layer) and chemically
inactive (outer layer) 2Dmaterials, such as graphene or boron
nitride [241]. For phosphorene with graphene and boron
nitride, the respective mismatch deformation is � 1:8% and
� 1:3%. The phosphorene/graphene heterostructure has a
metallic nature, which is due to the graphene, while the
phosphorene/h-BN heterostructure remains a direct-gap
semiconductor, but its band gap increases significantly
compared to the phosphorene monolayer: from 0.91 to
1.02 eV. An effective way to control the electronic properties
of phosphorene/graphene or phosphorene/h-BN heterostruc-
tures is to change the distance d between layers, which governs
the type of interatomic bonds. Changing d in the range of
2.50±4 A

�
(with the equilibrium value d � 3:29 A

�
) does not

lead to the appearance of an energy band gap in the
phosphorene/graphene heterostructure, but as d increases
from 2.37 to 2.84 A

�
in the phosphorene/h-BN heterostruc-

ture, the band gap sharply increases from 0.91 to 1.23 eV; a
further increase in d to 4 A

�
leads to a decrease in the band gap

width to 0.95 eV, however. The interplanar distance can be
changed experimentally using normal deformation.

Recently, a huge number of studies have appeared that
demonstrate the possibility of creating various device
structures from graphene and other 2D materials capable of
operating under various types of deformations (see, e.g.,
[242±245]). In this review, as an example, we consider two

options for FETs with a graphene channel. An FET with a
gate 15 nm in thickness based on the Al2O3 dielectric with a
high dielectric constant and an Si3N4 protective layer and
with a graphene channel 30 nm in thickness was fabricated on
a polyimide film (Fig. 29a [246]). The transistor had a channel
length of 500 nm, maximummobility of 800 cm2 Vÿ1 sÿ1, and
operating frequency up to 100 GHz. The bending radius at
which the transistor parameters change by nomore than 20%
was about 2 mm and corresponded to 4.6% stretching.
Transistors in which channel and sink/source electrodes
made of a graphene film without the use of traditional metal
electrodes are shown in Fig. 29b [247]. The respectivemobility
of holes and electrons in these transistors was � 1200 and
� 420 cm2 Vÿ1 sÿ1. The transistors operated stably without
significant changes in their parameters when stretched up to
5%, even after 1000 ormore deformation cycles.We note that
stretching deformations of � 5% during the formation of
transistors on organic films in many cases correspond to the
bending of the film to a diameter of � 1 mm or less, i.e.,
almost double-folding. This provides a basis for using such
transistors in foldable or wearable electronic devices.

8. Conclusion

Straintronics, as a platform for creating a new generation of
information processing devices and the physical basis for the
development of flexible electronics using 2D inorganic
materials, is currently one of the most vigorously developing
areas of nanoelectronics. The use of deformations can lead to
surprising changes in the electronic properties of 2Dmaterials
and unexpected technological and engineering solutions.
However, before straintronics can indeed be used, it must
move further in its development. Because deformation is
easier to control than, for example, the parameters of a
potential barrier induced by the introduction of dielectric
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elements into structures, the use of deformation offers an
alternative approach to controlling various properties of 2D
materials and designing unique structures based on them.

One widely discussed topic is the possibility of opening a
band gap due to deformation in graphene or controlling the
band gap in other 2D materials. For graphene, the band gap
opening is theoretically predicted for deformations close to
the maximum allowable one and for a combination of
deformations of different types, primarily shear strains.
Experimental data of this kind for graphene are practically
absent, although this is a popular area of experimental work.
The main experimental results on band gap control using
deformations are related to transition-metal dichalcogenides
(MoS2, WS2, etc.), graphene-like monolayer materials (black
phosphorus, silicene, etc.), and heterostructures based on
them. The ability to vary the band gap is very promising for
optoelectronic and photovoltaic applications. In particular,
local deformations allow creating a material with a spatially
varying band gap (so-called `funnels' or artificial atoms),
which leads to selective collection of carriers in desired
regions. This approach is promising for the development of
photovoltaic cells. There are already methods for forming
arrays of such artificial atoms by introducing arrays of locally
deformed regions.

Among a range of interesting and important effects
associated with deformations, we especially note the follow-
ing.

(1) The theoretical and experimental dependences of the
observed frequencies of Raman scattering peaks for various
2D materials turn out to be extremely sensitive to deforma-
tions and adsorption of atoms and molecules on the surface
(in particular, to doping). This is a powerful tool for
controlling the properties of nanostructures and searching
for methods to control these properties. It is important that
the locality of the Raman scattering method now reaches
nanometers.

(2) The experimentally obtained coupling between layers
in vdW heterostructures is typically quite large (0.7±1.0),
which allows us to speak of various assembled heterostruc-
tures as a single whole. However, for a number of monolayers
in a grown heterostructure, the possibility of their separation
under deformations (slip effect) has been shown, as can be
seen from Raman scattering. Such effects have been demon-
strated for transition-metal dichalcogenides, giving rise to
additional methods for creating modern nanoelectronic
devices.

(3) The low mechanical strength of transition-metal
dichalcogenides is a limitation for their practical use in
flexible electronics. Important for applications is the fact
that the heterostructures of transition-metal dichalcogenides
and graphene, regardless of their assembly order, are
mechanically more stable, mainly due to the mechanical
reinforcement provided by the graphene layer. At the same
time, it has been shown that the properties of heterostructures
change significantly when the order of their assembly
changes.

(4) Of particular interest is the possibility of local
functionalization of materials and localization of foreign
atoms or molecules with the introduction of nonuniform or
local deformations. This opens broad prospects for the design
of new nanomaterials and nanostructures. Deformations
therefore play a key role in the design of nanostructures at
the level of atoms, molecules, and monolayers, determining
their final design.

Further progress in the development of straintronics can
potentially pave the way for the development and creation of
new functional elements of next-generation electronic and
optoelectronic 2D devices. We especially note the significant
predominance of theoretical studies over experimental ones.
This is most likely due to the technological difficulties in
creating certain structures and heterostructures based on
monolayer materials.

Because 2D crystals can stretch more than bulk materials,
the use of deformations can open the door to new applications
of 2D materials and their unique properties. It is also worth
mentioning that, although only electronic and optical proper-
ties are considered in this review, effects caused by deforma-
tions are also important for varying other properties,
including magnetic ones [248]. Straintronics can be based on
the piezoelectric properties of some families of 2D crystals,
converting mechanical energy into electrical energy. For
example, MoS2, a material that is not piezoelectric in its
bulk configuration, has been shown to become piezoelectric
when thinned to a monolayer (or an odd number of layers)
[249]. The authors controlled the conversion of mechanical
energy into electrical energy and observed that the output
voltage changed sign with a change in the direction of the
applied deformation due to the lack of inversion symmetry in
single-layer transition-metal dichalcogenides.

Effects that allow controlling the properties of known 2D
materials and their heterostructures using deformation, and
the development of new technological and engineering
solutions for creating new structures are promising for
specific electronic and optical applications, primarily for the
development of flexible electronics based on inorganic
materials. The use of straintronic approaches provides
significant additional opportunities in the development of a
vast range of everyday-life devices that people require,
including all kinds of high-tech accessories, the Internet of
things, smart clothes (wearable electronics), new-generation
individual medical equipment, andmuchmore. The relevance
of the intensive development of flexible electronics is based on
demand by society. Straintronics provides the physical and
chemical foundations for the development of nanoelectronics
of 2D materials and, in particular, flexible electronics,
allowing the design of nanodevices that cannot be created by
other methods.
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