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a b s t r a c t

Two-dimensional (2D) materials have received extensive attention in the fields of electronics, optoelec-

tronics, and magnetic devices attributed to their unique electronic structures and physical properties. The

application of strain is a simple and effective strategy to change the lattice structure of 2D materials

thus modulating their physical properties, which further facilitate their applications in carrier mobility

transistor, magnetic sensor, single-photon emitter etc. In this short review, we focus on the strain ap-

plied via substrate engineering. Firstly, the relationship between the strain and physical properties has

been summarized. Secondly, the methods for achieving substrate engineering-induced strain have been

demonstrated. Finally, the latest applications of strained 2D materials have been introduced. In addition,

the future challenges and development prospects of strain-modulated 2D materials have also been pro-

posed.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Since the successful preparation of two-dimensional (2D)

graphene in 2004 via mechanical exfoliation [1,2], the 2D mate-

rials have attracted extensive attention [3-5]. Attributed to their

unique electronic structure, the 2D materials exhibit excellent mor-

phological [6,7], electrical [8,9], optical [10,11], magnetic [12] and

chemical properties [13]. Ultra-thin 2D materials refer to the ma-

terials with a horizontal dimension larger than 100 nm and the

thickness as low as a single or a few atoms (generally less than 5

nm) [14,15]. For the ultra-thin 2D material, the electron cloud has

been limited in the 2D plane, which is sensitive to external fac-

tors [16,17]. Recently, researchers have developed various methods

to change the electronic structure of 2D materials, thus modulat-

ing their properties and accommodating various applications, such

as doping [18,19], alloying [20,21], generating defects [22,23], engi-

neering strain [24,25], or van der Waals heterostructures [26].

Among these methods, strain engineering has been one of the

simplest and most effective methods to regulate the electronic

structure of 2D materials [27]. On one hand, the electrons con-

fined in 2D ultra-thin space make the materials sensitive to the

strain. On the other hand, 2D materials can endure large uniaxial

or biaxial strain without the fracture, resulted from their excellent

Young’s modulus and deformation properties [28]. The properties
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of 2D materials can be widely controlled via strain engineering. As

the strain regulates the lattice structure of the 2D material, it can

adjust various properties, such as phonon mode, band gap, electri-

cal properties, magnetic properties, chemical properties [17,29-32].

Different methods have been applied for strain engineering,

which have different features. Microscopic methods such as het-

eroatom doping [18], lattice defects [22,23] and mismatch [33,34]

generate strain by changing the local electronic structure thus reg-

ulating the properties of 2D materials. However, such methods

are lack of precision and controllability. Macroscopic method con-

trol strain through substrate engineering, such as rough substrates

[35-38], array substrates [39-42], and flexible substrates [7,43-45].

Such methods can accurately adjust the properties of 2D materials

via changing the electronic cloud and lattice structure, with bet-

ter controllability compared to the microscopic methods. Flexible

[44,45] and rigid substrates [46] have been involved to modulate

properties of 2D semiconductors, as well as the atomic force mi-

croscope (AFM) probe [47]. Therefore, it is necessary to summa-

rize recent advances in substrate engineering-induced application

of strain and explore the correlation between strain and properties

of 2D materials.

In this short review, the latest developments in strain-

controlled 2D materials based on substrate engineering have been

investigated. Firstly, we demonstrate the effects of strain on 2D

materials, from the aspects of lattice structure change, phonon

model and band gap. Secondly, we summarize the methods for

introducing strain via substrate engineering, including substrate
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Fig. 1. The effects of strain on 2D TMDs. (a) Partial charge densities of WS2. From

left to right, the first and second illustration represent conduction band minimum

(CBM) and valence band maximum (VBM) states free of strain, respectively, and

third and fourth illustration represent CBM and VBM states under 5% strain. (b)

The calculated change of effective mass of electron and hole for monolayer WS2
and MoS2. Copied with permission [17]. Copyright 2014, John Wiley & Sons. (c)

Schematic illustration of piezoelectric effects on modulation of SBH. Copied with

permission [29]. Copyright 2014, Springer Nature. (d) Schematic illustration of bi-

axial strain modulated magnetic properties of NbS2. Copied with permission [51].

Copyright 2012, American Chemical Society.

preparation and strain introduction. Then, a few examples of the

applications of strain engineering to modulate the magnetic, chem-

ical, and optical properties of 2D materials have been introduced.

Finally, we put forward some prospects for strained 2D materi-

als. Due to the limited level of knowledge, we could not make a

comprehensive summary, and there may be deficiencies. While, we

hope that this review can provide insight for the exploration of

strain engineering and guide for its applications in 2D materials.

2. Effect of strain on 2D materials

Strain has been widely applied in modulating the optical, elec-

trical, and magnetic properties of 2D materials. The 2D materials

with strain-modulated properties have exhibited new applications.

Here, the main changes of properties induced by strain in 2D ma-

terials have been summarized, including lattice structure, phonon

mode and band gap. For exploring the effects of strain quantita-

tively, the measurement of strain has also been introduced.

2.1. Crystal lattice structure change

Strain engineering of 2D materials can change the lattice struc-

ture via affecting the electron confined in ultra-thin 2D plane of

crystal. For graphene, the carbon atoms arranged in hexagon, and

the carbon was sp2 hybridized with another p orbital to form the

π bond [48]. Transition metal dichalcogenides (TMDs), including

MoS2, MoSe2, WS2, WSe2, etc., are another new class of 2D mate-

rials with many remarkable properties, with an appropriate band

gap [14]. For WS2, conduction band and valence band were gen-

erated by different parts [17]. Conduction band was resulted from

the metal d orbital. And the valence band was more complicated,

derived from two parts, the dxy and dx2-y2 of metal, and px and py

orbitals of the chalcogen, respectively (Fig. 1a). The crystal struc-

ture of TMDs may be affected by the mechanical strain, since the

strain distorted electron cloud and changed the S-Mo-S bond an-

gle, thus strongly affecting the band structure and enabling the

creation of closed patterns for electronics and optics, as well as

the effective mass (Fig. 1b) [17]. Strain functioned in decreasing

the band gap and effective carrier mass, thus improving electrical

property and carrier mobility. Generally, the band gap would be

reduced by about 0.1 eV with 1% strain in biaxial tension [49].

Tensile and compressive strain may affect the symmetry of the

material, causing changes in the properties sensitive to symme-

Fig. 2. (a) The Raman spectra of monolayer MoS2 under stain from 0 to 1.6%.

Copied with permission [53]. Copyright 2013, American Chemical Society. (b) The

scanning Raman spectroscopic maps with A1g and E1
2g peaks of MoS2 (the scale bar

is 1 μm). Copied with permission [46]. Copyright 2015, Springer Nature. (c) PL in-

tensity change under different strain from 0 to 1.49%. Copied with permission [55].

Copyright 2020, Springer Nature. (d) PL spectra of most strained-MoS2 (MS-MoS2),

less strained-MoS2 (LS-MoS2) and unstrained-MoS2 (US-MoS2). (e) Schematic illus-

tration of the funneling effects of excitons due to the localized strain. Copied with

permission [46]. Copyright 2015, Springer Nature.

try. Terraced substrate can generate the topographic corrugation in

graphene, which changed the charge density and induce the mag-

netoresistance [50]. Meanwhile, 2D materials with noncentrosym-

metric structure showed sensitivity to strain-induced local lattice

distortion, which can modulate the Schottky barrier height (SBH)

and the width of depletion layer [29] (Fig. 1c). The source area

achieved a high piezoelectric potential under compressed strain,

attributed to the improved SBH. For the bilayer MoS2, strain can

only affect the band gap structure and then change the electric

conductivity. Nevertheless, the maximum mobility of MoS2 device

was up to 850 cm V−1 s−1 in SiNx crested substrate, and carrier

mobility was improved with the increased surface roughness [36].

The improvement in electrical property and mobility may be re-

sulted from two factors. On one hand, the crested substrate can

induce strain. On the other hand, the gate-dielectric properties can

also make effects. According to investigation on surface of different

materials, the electronic properties of devices have been mainly af-

fected by the surface morphology instead of material species.

Strain can also make effects on crystal lattice and electron-

cloud structure. Thus, it changes the magnetic properties. ReSe2,

NbS2 and NbSe2 under strain exhibited the magnetization prop-

erties [31,51]. The NbS2 and NbSe2 under strain show the spin-

polarized states (Fig. 1d). The magnetic characteristics are the com-

prehensive result of through-bond and through-space interactions.

Hence, strain has been widely studied as an effective way to adjust

the crystal structure of materials. It is significant for the prepa-

ration and practical application of 2D materials with controllable

properties.

2.2. Phonon mode and band gap

The biaxial and uniaxial strain can change the phonon mode

due to the soft-mode phonon instability [52]. The change of

phonon mode can be clearly shown in the splitting and shifting of

Raman peak. Bolotin group used curved SU-8/polycarbonate (PC)

substrate for applying uniaxial strain to the monolayer and bi-

layer MoS2 devices [53]. As shown in Fig. 2a, the E’ peak (rep-

resenting the in-plan vibrations) split into two sub-peaks, indi-

cating that the strain breaks the symmetry of crystal rather than

A’ peak (representing out-of-plane vibrations). Zheng group con-

ducted the Raman mapping on the ‘artificial atom’ of MoS2 [46].

They found that, the frequency of both A’ peak and E’ peak grad-

ually increased from top to down on the tip of nanocones, where

the strain was highest. This phenomenon indicated red-shift in the

range of nanocones. As shown in Fig. 2b, the shifted Raman peaks

under different strain suggest that A’ peak was less sensitive than
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Fig. 3. (a) The relationship between aspect ratios and radius of bubbles. (b) As-

pect ratio of MoS2 bubbles on h-BN and MoS2 substrates. Copied with permission

[58]. Copyright 2016, Springer Nature. (c) The relationship between A1g and E1
2g

modes of MoS2 and the strain. Copied with permission [54]. Copyright 2016, Amer-

ican Chemical Society. (d) The PL characteristics of MoS2 in the nanopillar struc-

ture, and the PL is between 1.3 ~ 1.6 eV. Copied with permission [49]. Copyright

2018, American Chemical Society. (e) Calculation result of band gap change caused

by strain from 0% to 10%. Copied with permission [63]. Copyright 2016, Springer

Nature. (f) The band gap modulation rate. Copied with permission [55]. Copyright

2020, Springer Nature. (g) Schematic diagram of the KPFM measurement process.

(h) The KPFM measurements of the surface potential on monolayer h-BN. Copied

with permission [66]. Copyright 2021, John Wiley & Sons.

E’ peak. Bunch group [54] involved pressure difference to induce

biaxial strain (up to 5.6%), obtaining a Raman shift of MoS2 at a

rate of −1.7 cm−1/% for the A1g and −5.2 cm−1/% for the E12g.

The band gap of 2D materials can also be varied with strain.

Photoluminescence (PL) spectroscopy is one of the most effective

way to discuss the evolution of band gap. Liu group [55] discussed

the PL shift of single-layer MoS2 (Fig. 2c), which was the red shift

along with the decreased PL intensity. Its band gap variation can

reach up to ~300 meV. For the monolayer MoS2, the decrease rate

of band gap in K point was lower than the � point, indicating that

the band gap was transited from direct to indirect at ε of ~5% [53].

The strain-induced transit between direct and indirect band gaps

has also been found in 2D materials family, including WS2, WSe2,

BP and so on [56,57]. Because strain caused the structure transition

of band gap (Fig. 2d), it observed the red shift and the intensity de-

crease of PL, which can be explained by the “funnel effect” [24,46].

The photo-generated excitons drifted in the region with the max-

imum strain, and then concentrated excitons were emitted with

longer wavelength (Fig. 2e). The phonon mode and band gap have

great effects on the properties of electronic and optoelectronic de-

vice, such as artificial atoms and single-quantum emitters.

2.3. Measurement of strain

The measurement of strain can better characterize the strain-

induced changes of properties qualitatively and quantitatively. The

strain can be demonstrated via the changes of morphology and

physical properties. The balance of van der Waals forces affected

the shape of the bubbles between substrate and 2D crystal, thus

varying the strain [58,59]. There was a certain relationship be-

tween the bubble shape and dimensions. Bubble-induce strain

made effects on the raised area, in addition, it would also extend

to the distances of >2R from the center. From Figs. 3a and b, it

is interesting that smooth bubbles exhibit uniform aspect ratio,

hmax/Leff is ~0.11 for the round bubble (Leff = R), and the hmax/Leff
~0.07 for the triangular bubbles (Leff ~ L). hmax, Leff and R is the

maximum height, the base characteristic length and radius of bub-

bles. The aspect ratio h/R is defined using the following formula:

hmax

R
=

(
πγ

5c1Y

)1/4
(1)

where γ is adhesion energies between 2D materials and the sub-

strate, c1 is the dimensionless coefficients and Y is Young’s mod-

ulus of 2D materials. This formula indicates that this ratio is only

related to 2D material and substrate, independent with the prop-

erties of region trapped in the bubble. Those bubbles can change

the lattice then affect the spectral and electrical properties, such as

deteriorating interface adhesion [60], changing transport properties

[61] and pseudo-magnetism [62].

As mentioned in last section, the phonon mode and band gap

of 2D materials are sensitive with the strain. Thus, Raman and

PL spectroscopy can be used to determine the change of strain

[49] (Figs. 3c and d). According the theoretical prediction and ex-

periment, the MoS2 modes shifted linearly at a rate of −1.7 cm−1/%

for the A1g and −5.2 cm−1/% for the E12g [54]. The effects of tensile

strain on the band gap of MoS2 is shown in Fig. 3e [63]. Through

the encapsulation of polyvinyl alcohol (PVA), a higher modulation

of the single-layer MoS2 can be achieved, with a highest modu-

lation of band gap up to ~136 meV/% (Fig. 3f) [55]. The 2D ma-

terials with noncentrosymmetric structure have exhibited piezo-

electric properties, thus the strain information of these materials

can be described via visualizing piezoelectricity. Lanza group ap-

plied the conductive AFM to in-situ demonstrate the MoS2 piezo-

electric currents, which can be as high as 65 mA/cm2 under strain

with patterned holes [64]. However, this method was limited by

the conductivity of materials. Woods group observed piezoelectric-

ity of hex-boron nitride (h-BN), then they visualized the change of

local electric field around the strained areas using 2D crystal (h-BN

or graphene) as substrate [65]. Moreover, Cao group [66] developed

the kelvin probe force microscope (KPFM) to in-situ quantitatively

visualize the piezoelectric potential profiles under strain (Figs. 3g

and h). Several theoretical and experiment methods have been de-

veloped in the measurement of strain.

3. Substrate engineering

The substrate engineering refers to the introduction of strain via

flexible or rigid substrates. For the flexible substrate, the strain is

applied by stretching or compressing the polymer base. For the

rigid substrate, the strain is applied to the surface of the base.

Here, the application methods of substrate engineering have been

summarized.

3.1. Localized strain

Localized strain enables the local regulation of material proper-

ties according to various application methods. When the 2D mate-

rials cannot be smoothly matched with another material or sub-

strate, there would be bubble and wrinkle at the interface. Al-

though the number of bubbles can be reduced by annealing, the

accumulation of bubbles is still inevitable. The local properties can

be varied with bubbles and wrinkles. The generation of bubbles

and wrinkles provides a method for studying the strain proper-

ties of 2D materials, but the irregular generation of bubbles and

wrinkles provides a challenge for quantitative research. For exam-

ple, the bubbles within heterojunctions would enhance transmis-

sion electron microscopy (TEM) selected area electron diffraction

pattern contrast. It was amorphous carbon trapped in the stacks,
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Fig. 4. (a) Optical image of graphene flakes with micro-cavity exfoliated on SiO2. Copied with permission [68]. Copyright 2018, American Physical Society. (b) Schematic

illustration of the MoS2 on the micro-cavity device. (c) The optical image of MoS2 membranes grown via CVD and transferred on the cylindrical cavities (the scale bar

is 20 μm). (d) The AFM cross-section with different pressures. Copied with permission [54]. Copyright 2016, American Chemical Society. (e) Schematic illustration of the

pre-stretched polydimethylsiloxane (PDMS) substrate process for forming ReSe2 wrinkles. Copied with permission [31]. Copyright 2015, American Chemical Society. (f) The

preparation of the rippled substrate via etching sacrificial layer. Copied with permission [69]. Copyright 2017, John Wiley & Sons.

which was unfavorable to transport properties [60,67]. However,

this method generated bubbles randomly, which was lack of good

controllability. Therefore, it is necessary to control the generation

of bubbles and wrinkles. Lu et al. reported the controllable for-

mation of bubbles via gas diffusion (Fig. 4a) [68]. Photolithogra-

phy and etching were applied to achieve hole array, then graphene

and MoS2 were transferred into micro-cavity and placed in pres-

sure chamber to establish the bubbles. Bunch group produced the

bubbles using the pressure difference [54]. As shown in Fig. 4b,

the sample is placed in a high-pressure N2 atmosphere, the gas

diffuses through the micro-cavity, and then bulged up bubbles be-

tween MoS2 and micro-cavity. The bubble can be controlled by

changing the film and regulating air pressure difference inside and

outside. Under the measurement of AFM, the bubbles can be con-

tinuously changed between 0.5%-1.5% (Figs. 4c and d).

The wrinkling may be varied with the morphology of materi-

als, thus obtaining some functions and properties. Wrinkles show

some similarities with bubbles, while there are also some differ-

ences, for example, wrinkles induced magnetism [31], anisotropy

[69] and optical properties for laser device [70,71]. Many methods

have been developed to achieve wrinkle on 2D materials, such as

mechanical exfoliation, pre-stretched substrate [31], wrinkled sub-

strate [69], micro-tip [72] and transfer processes [61]. As shown

in Fig. 4e, wrinkles can be generated on pre-stretched substrate

after mechanical peeling of the ReSe2 flakes [31]. Molle group re-

ported that rippled pattern assisted the growth of wrinkled MoS2
via chemical vapor deposition (CVD) [69]. In particular, the sub-

strate patterning was fabricated by sacrificial layer (Fig. 4f). The

sacrificial layer was made by evaporating the Au film on SiO2,

and etched using a gridded porous Ar+ source, then the Au film

was removed to obtain corrugated SiO2. The rippled MoS2, grow-

ing on rippled SiO2, has exhibited many special properties such as

anisotropic phonon modes, Raman red-shift and the MoS2 work

function modulation. All these changes can be regulated with sub-

strate engineering on 2D materials.

3.2. Rough substrate

Compared with bubble and wrinkles, rough substrates have

the characteristics of simple preparation and diverse morphology.

Rough substrate often has irregular surface, with randomly dis-

tributed surface features. The introduction of strain through sur-

face fluctuations has caused the material to control the overall

properties of electrical and magnetic properties, which has at-

tracted attention. There are diversified surface characteristics, such

as substrate with “hill and valley” structure [73], crested sub-

strate [36], and terraced substrate [50,74]. Rrms was an indicator

for describing the surface roughness [75]. The measurement of

surface roughness and the determination of surface statistics are

significant for many applications. Recently, researcher have devel-

oped many methods to make substrate rough via surface treatment

and modification, such as etching and spin coating nanoparticles.

Rough substrate can change the intrinsic properties of materials,

such as promoting the sample synthesis [73,76], boosting the car-

rier mobility [36], and inducing magneto-resistance [50]. The strain

on rough surface of 2D materials may make effects on the elec-

tronic structures, thus further changing the properties of materials.

The roughness of the substrate can also greatly affect the

growth of 2D materials and determined the performance of ma-

terials/substrate interface. The large scale preparation of TMDs sin-

gle crystal has been a necessary way to realize industrial applica-

tions [77]. The CVD has broad prospects in the growth of single

crystal TMDs with large area and in low cost. Some groups have

reported the preparation of monolayer TMDs via molten liquid in-

termediate process [77] and high melting point sulfur precursor

(Na2SO4) [78]. However, the substrate also made great effects on

material growth during CVD. Zhang et al. prepared a large area of

MoS2 single crystal on unpolished rough substrate, on which the

“hill and valley” structures exhibited the Rrms of 244 nm (Figs. 5a

and b) [73]. The nucleation density can be effectively restrained

with the structure on rough SiO2/Si. Furthermore, the suspended

growth rate obtained on rough surface was three times larger than

that of supported growth rate on polished surface. Moreover, rough

substrate influenced the growth of grain boundaries on specified

locations and misfit angles (Fig. 5c) [35,79,80]. The “hill and val-

ley” structure may induce strain and expand, thus changing the PL

spectra. The strain and charge doping on MoS2 depend on differ-

ent physical and chemical characteristics of the substrate surface.

When the substrate became smoother and chemically inert, the

strain and the charge doping would be decreased. With the aid

of the standard deviation of the AFM depth profile fitted by the

Gaussian curve, the surface roughness can be quantified [38]. The
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Fig. 5. (a) The tilted scanning electron microscope (SEM) image of substrate. (b)

Schematic illustration the MoS2 growth process in rough substrate. Copied with

permission [73]. Copyright 2019, Elsevier. (c) Represent spin coating Au quantum

dots to from rough substrate. Copied with permission [35]. Copyright 2020, Springer

Nature. (d) Schematic illustrated of the process to preparation crested substrate.

Copied with permission [36]. Copyright 2019, Springer Nature.

surface of amorphous SiO2 was determined to be the roughest, fol-

lowed by sapphire mica and h-BN.

Similar researches have been performed on the MoS2. The

crested substrate can be achieved by surface etching. Recently,

Garaj et al. have reported a method to greatly enhance the carrier

mobility of MoS2, with an average value of 450 cm2 V−1 s−1 on the

crested substrate [36]. The two-step photolithography and mask

etching were used to adjust the surface morphology and obtain a

rough SiO2 substrate with a Rrms of 0.5 nm (Fig. 5d). In another

method, the c-SiNx substrate was processed with hot orthophos-

phoric acid (H3PO4), thus achieving a terraced substrate with re-

mained dielectric properties and a Rrms of 2 nm. According to sta-

tistical analysis of different materials with varied surface rough-

ness, the electronic properties of devices were mainly affected by

the surface morphology instead of the material specie. Roughness

has provided a new insight for the growth and property regulation

of MoS2 and other 2D materials, which can be realized with many

methods, such as surface reconstruction and selective etching.

Sapphire substrate has been a substrate compatible with sur-

face reconstruction and selective etching. The surface morphology

of the sapphire substrate can be reshaped at high temperature

(950 °C) and reconstructed to be a step pattern parallel to the [110]

direction [76]. Step pattern facilitated the directional growth of 2D

materials and provided a method for preparing stepped structure.

The SrTiO3 (STO) substrate [50] can be soaked in demineralized

water to form Sr-hydroxide, and then selectively dissolved with

HF. The chemical reaction was: SrTiO3 + H2O = Sr(OH)2 + TiO2,

Sr(OH)2 + 2HF = SrF2 + 2H2O. The atomically flat terraces and

steps can be obtained with the termination of TiO2, and such a

substrate can induce magneto-resistance in graphene. Therefore,

rough substrates have expanded the methods for the growth of

MoS2 and other 2D materials on fabricated device. In addition, the

properties of 2D materials can be further exploded, such as carrier

mobility and magnetism.

However, the rough base is usually irregular, and the surface

has a random structure. Therefore, the controllable adjustment of

the performance of the 2D material with the rough base is a prob-

lem that needs to be solved.

3.3. Array substrate

The array substrate is a way that the substrate regularly intro-

duces strain. Compared with the rough substrate, the array sub-

strate can controllably introduce the strain source through the con-

trollable change of the array unit size (height, width, etc.), which

provides a basis for establishing the relationship between the size

of the substrate and the magnitude of the strain. It helps to pro-

mote the application of strain in a large-area array of 2D materials.

Thus, it is beneficial to explore the changes of properties of 2D ma-

terials prepared on array substrate. Array with different morphol-

ogy and thicknesses enriches the regulation form, which is con-

ductive to exploring the relationship between array patterns and

material properties. There are several effective strategies to make

arrays, such as tera-fab printing [81], thermal-growth [82], etching-

based array [46], evaporating-based array [83].

The tera-print technology has been applied to fabricate halide

perovskite nanocrystal arrays and methyl-ammonium lead bromide

(MAPbBr3) nanocrystals on silicon substrate [81]. As shown in

Fig. 6a, the ink was spin-coated on the PDMS micro-pyramidal

pens (~1000) array, and then printed on the surface of the sili-

con wafer. After the evaporation of solvent, the perovskite nucle-

ated and grew. In particularly, the MAPbBr3 nanocrystals of ~50

nm can be formed with PDMS pens of about 1 μm. A uniform

MAPbBr3 nanocrystal dot array can be formed on Si wafer (Fig. 6b).

Moreover, direct growth array is also a widely studied method to

prepare array substrate (Fig. 6c). Samuelson group used seed in-

duction to grow high in-content InGaN nano-pyramid array [82].

Fig. 6. (a) Schematic illustration of tera-print technology for fabricating halide perovskite nanocrystal arrays. (b) Fluorescence micrograph of halide perovskite nanocrystal

arrays. Copied with permission [81]. Copyright 2020, American Association for the Advancement of Science. (c) The SEM images of the as-grown InGaN (left) and a smooth

top c-plane surface (right). Copied with permission [82]. Copyright 2019, American Chemical Society. (d) Schematic illustration of the monolayer-MoS2/ZnO heterostructure

arrays. Copied with permission [84]. Copyright 2019, American Chemical Society. (e) Tilted false-color SEM image of MoS2. Copied with permission [46]. Copyright 2015,

Springer Nature. (f) SEM image of MoS2 suspended on SiO2 pillar array. Copied with permission [49]. Copyright 2018, American Chemical Society.
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The GaN and SiN were deposited on the Si wafer successively,

and the SiN was etched to form an array via reactive ion. Then

the GaN seed was grown by metal-organic vapor phase epitaxy

(MOVPE) to induce the formation of InGaN nano-pyramid array.

In addition, the InGaN can be etched from pyramids to platelets

under the annealing with NH3. One-dimensional nanopillar ar-

rays have also been applied to prepare array substrates (Fig. 6d),

based on strain engineering to induce strained 2D materials. Ther-

mal growth has been applied for constructing ZnO semiconduc-

tor nanorod arrays (NRAs) [84]. Then, MoS2 was transferred by

poly(methylmethacrylate) (PMMA), and a biaxial strain can be in-

duced from 0 to 0.6%. Through the Raman mapping position of the

E12g, the periodic distribution of tensile strain of monolayer MoS2
on the ZnO nanorod array was determined. At the same time, it

found that the strain-induced PL intensity of MoS2 was decreased

by more than 50%. Above methods provide the strategy to achieve

the controllable fabrication of various array substrates, which is the

basis for their applications in strain engineering.

Etching has been another most widely used methods for

preparing arrays, which usually requires templates such as

nanoparticles, metal mask and photoresist mask. For example,

nanoparticles were spin-coated as mask and the nanocone array

can be thus obtained with further etching [85,86]. Polystyrene

or SiO2 nanospheres were also spin-coated on the silicon wafer

and etched with oxygen plasma to form a mask. Then, the sub-

strate was etched with fluoroform (CHF3) and oxygen plasma.

A SiO2 nanocones array can be finally obtained after removing

nanospheres. MoS2 was then transferred by using ethylene gly-

col, thus producing capillary force during evaporating. MoS2 sheet

would be pulled down, thus covering the surface of nanocones

(Fig. 6e). The local biaxial tensile strain at the tip of the nanocone

was as high as 2.85%, which was measured by scanning tun-

nelling spectroscopy (STS). Ouerghi group [49] obtained the pillar

array through the metal mask etching method. And then, MoS2
was transferred and suspended on Si/SiO2 pillar arrays, resulted

in biaxial strain on the MoS2 (Fig. 6f). In particularly, the correla-

tion between nanoscale contribution and design of pillar array has

been established with Raman and PL spectroscopy. MoS2 mechan-

ical resonator was assemble, presenting a homogeneous along res-

onator frequency under specific geometry. When the MoS2 formed

a tent structure (2R<<a), the optical band gap had strong down-

shift from 1.89 eV to 1.45eV.

3.4. Flexible substrate

Flexible substrate can be bent and stretched under external me-

chanical force, thus strain can be applied and transferred to the

single layer or a few layers of 2D materials on the substrate. The

advantage of applying strain on the flexible substrate is that flex-

ible substrate can be used to control the 2D material in a larger

strain range, and to explore the properties and applications of the

2D material. The common flexible substrates are usually organic

polymer, such as PDMS, polyethylene terephthalate (PET), PC, PVA.

The MoS2 film was stripped by chemical exfoliation and printed on

the working electrode (Ag/PET substrate) [87] (Fig. 7a). By stretch-

ing the PET substrate, the maximum strain of MoS2 on the sub-

strate reached 0.02%. When the tensile strain applied on substrate

varied from 0%~0.02%, the hydrogen evolution reaction (HER) cur-

rent density raises from 31 mA/cm2 to 48 mA/cm2 at −0.6 V.

When the tensile strain was 0.02%, the Tafel slope of MoS2 was

135 mV/dec, lower than that of without strain (145 mV/dec).

However, placing the material directly on the flexible substrate

can easily lead to strain failure due to interlayer slipping or crack-

ing. Researchers have reported some better ways to avoid slipping

between layers. Bolotin group included curved SU-8/PC substrate

for applying uniaxial strain to the monolayer and bilayer MoS2 de-

vices [53]. At the same time, they observed that there was a sig-

nificant red-shift in PL peak signal of monolayer MoS2. It indicated

that the in-plane tensile strain can adjust the optical band of MoS2,

and there was almost a linear change between red-shift of A peak

and the strain, with a change rate of 45 ± 7 meV/% strain. At ε of

~5%, the single layer MoS2 was transformed into an indirect band

gap material, corresponding to a strain of 1.3 ± 0.6%. Similarly, in

order to avoid slippage between the material and the substrate, Liu

group [55] used PVA encapsulation to achieve a higher modula-

tion for the single layer MoS2 (Fig. 7b). Its band gap modulation

can reach up to ~300 meV, with the highest modulation of ~136

meV/%.

The wrinkle may accommodate the structure of materials to

change some functions and properties. For example, previous study

showed that the optical band gap of graphene was opened by

bending along the nano-trenches. Ma et al. reported a novel strat-

egy to control wrinkling via changing pressure [88]. As shown in

Fig. 7c, the wrinkling can be induced from air bubbles by PDMS

device. During Au sputtering under negative pressure, thin Au-

PDMS covers were stretched. The effects from strain on graphene

mainly had two aspects: positive and negative. For one thing, the

interface effects of graphene can be improved thus enhancing the

chemical reactivity. For another, the electron–hole puddles can be

formed thus decreasing the carrier mobility and suppressing the

weak localization. However, it is difficult to achieve an ordered sur-

face wrinkle than that of disordered. Thi et al. reported that 2D

ordered surface wrinkle patterns can be spontaneously generated

via thermal strain and vertical spatial confinement on isotropic

surfaces, which achieved a high periodicity and crystal symme-

try [89]. Isotropic materials on the atomic scale, such as graphene

and MoS2, have isotropic in-plane mechanical properties. For the

crystal structure of graphene, monolayer graphene along zigzag di-

rections had low formation energy, indicating that regular pattern

may be obtained under equal biaxial strain following this direction.

Sequential wrinkling can be realized on 2D materials through spa-

tial confinement in different directions. The monolayer graphene

was transferred onto uniaxially pre-stretched (30%) PDMS substrate

via PMMA. Then the wrinkles were produced through annealing,

while graphene/PDMS or graphene/PMMA layer was easy to slide.

After annealing, the PMMA was removed via acetone. There were

three main types of angle in the wrinkles, with the angle differ-

ence of 60o. It was consistent with the zigzag direction of graphene

(Figs. 7d and e).

The 2D TMDs material has an atomic-level thickness, with van

der Waals force between the material and the substrate. The strain

on the material can be achieved by bending and stretching the

flexible substrate, or conducting thermal conduction. For exam-

ple, the band gap of the 2D materials can be precisely modulated

through thermal scanning probe lithography (Fig. 7f) [90]. Changes

can be induced in the crystal lattice of materials, thereby regulat-

ing the properties of TMDs materials. The strain induced by using

a flexible base has the advantages of simplicity, directness, facility,

and strong scalability. So, it has become one of the most widely

used methods.

4. Applications

Since the properties of 2D TMDs can be regulated with strain

via substrate engineering. Various substrates have been applied,

such as substrate with local strain, substrate with patterns, sub-

strates with different functions, and flexible or stretchable sub-

strates. Such 2D TMDs with strain-modulated characteristics have

been included in various devices, such as field effect transistors

(FET), magnetic detectors device, and electrochemical hydrogen

evolution.
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Fig. 7. (a) Schematic illustration of the sample with tensile strain, where ε is tensile-strain ratio, R is bending radius and T is the thickness of PET substrate. Copied

with permission [87]. Copyright 2014, American Chemical Society. (b) Schematic illustration of device structure of MoS2 with tension strain. Copied with permission [55].

Copyright 2020, Springer Nature. (c) Schematic illustration of wrinkle formation by bubble. Copied with permission [88]. Copyright 2010, the Royal Society of Chemistry.

(d) Schematic illustration of graphene sample placed between the PMMA and pre-strained PDMS. (e) SEM image of graphene wrinkle following the crystal orientation.

Copied with permission [89]. Copyright 2020, American Chemical Society. (f) Schematic illustration of nanopatterning with thermomechanical nanoindentation. Copied with

permission [90]. Copyright 2020, American Chemical Society.

Fig. 8. (a) AFM image of terrace substrate. (b) Surface height profiles along the line of (a). (c) Schematic illustration of a top-gated terraced single-layer device. (d) The

relationship between Rxx and MR of a magnetic field near the charge neutrality point (CNP). Copied with permission [50]. Copyright 2020, John Wiley & Sons. (e, f) Fe3GeTe2
atomic lattice structure and device structure (the scare bar in Fig. 8e is 10 μm). (g, h) Magnetization reversal with tension strain changed from 0.65% to 0.71% at 0.2 T and

−0.19 T, respectively. Copied with permission [92]. Copyright 2020, John Wiley & Sons.

4.1. Magnetic sensors

Since strain can change the crystal structure and vary the band

gap, thus inducing spontaneous polarization and disorder to cause

variations in the magnetic properties of the material. On one hand,

the strain can modulate the magnetism in 2D magnetic materials.

One the other hand, the strain can induce the magnetism in non-

magnetic materials.

Terraced substrate has been a special rough substrate which

can be achieved by annealing and etching. High-temperature an-

nealing may reconstruct the C-plane of sapphire and form terraced

structure [76]. It was beneficial to the CVD growth of highly ori-

ented, continuous and uniform monolayer MoS2 films [91]. The

growth was guided by step atoms on the sapphire surface, lead-

ing to step-edge-guided nucleation and growth along the edge of

the step. Terraces and step can be also achieved through chemical

etching. Ariando and co-workers [50] reported the colossal magne-

toresistance of monolayer graphene can be obtained at room tem-

perature via selective dissolution of special STO (Figs. 8a and b). It

can be up to 5000% at 9 T on a TiO2-terminated SrTiO3 terraced

substrate (Figs. 8c and d). Rather than surface termination, the gi-

ant magnetoresistance was attributed to the graphene disorder, re-

sulted from topographic corrugations and inhomogeneous charge

puddles of substrate. The scattering may be remarkably increased

under magnetic field. Moreover, the Dirac cones can be also pre-

served on the STO substrate, which may provide a chance to in-

duce pseudomagnetic field (PMF) in strain. This result provides a

new perspective to tailor the magnetism of 2D materials via ter-

raced substrate-based strain engineering, which may facilitate their

potential applications in magnetic sensors.

Wrinkle structure may also induce magnetism in ReSe2 [31].

The ReSe2 lattice is a low symmetry structure, in which the Re

atoms forms a Re4 “diamond unit” structure to form a “diamond

chain”. By mechanical exfoliation, ReSe2 film was deposited on the

pre-stretched and elastomeric substrates (Gel-PAK film WF-40-X4).

After releasing the stretched substrate, the ReSe2 with wrinkles

perpendicular to the axial direction of the substrates can be gener-

ated. When ReSe2 with the thickness of 1 nm produced folds with

the height of 100 nm and width of 1 μm, the local strain ε was

about 1.64%. Under the measurement in the magnetic force mi-

croscopy (MFM), there was MFM phase and amplitude image af-

firm, which was inducing a local spin polarization and making the

ReSe2 magnetic at the strained region.

The strain applied by the flexible substrate can modulate the

properties of the magnetic material like Fe3GeTe2 (FGT). Miao

group exerted uniaxial tensile strain on Fe3GeTe2 by stretching the
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Fig. 9. (a) Schematic illustration of the HER process of MoS2 on Au surface un-

der strain. (b) The scanning transmission electron microscope image of monolayer

MoS2 on NPG substrate and the change of Mo-S-Mo bonding angles. Copied with

permission [93]. Copyright 2014, John Wiley & Sons. (c) �GH versus strain in-

tensity with different concentrations of S-vacancy. (d) The polarization curves of

the as-transferred MoS2 (strain: 0% and S-vacancy: 0%), strained MoS2 without S-

vacancies (S-MoS2, strain: 1.35% ± 0.15% and S-vacancy: 0%), unstrained MoS2 with

S-vacancies (V-MoS2, strain: 0% and S-vacancy: 12.5% ± 2.5%), and strained MoS2
with S-vacancies (SV-MoS2, strain: 1.35% ± 0.15% and S-vacancy: 12.5% ± 2.5%).

Copied with permission [63]. Copyright 2016, Springer Nature.

polyimide (PI) membrane (Figs. 8e and f) [92]. The strain of 0-

0.63% was applied at 1.5 K, and the coercive force field (Hc) was

increased by 150% under the strain of 0.32%. When T was low-

ered to 160 K from 180 K, the hysteresis loop indicated labyrinth-

domain ferromagnetic states. When T was 130 K, the hysteresis

loop changed under the strain adjustment and became a regular

rectangle. There was a transition between single- and labyrinthdo-

main states, due to the strain-regulated change of transition tem-

perature. The significant enhancement of Hc under strain in FGT

provided a method for strain-assisted magnetization reversal. The

magnetic field was swept from −0.4 T to 0.2 T when the strain was

0.71%, and the magnetization direction was up. When the strain

was reduced from 0.71% to 0.65%, the signal of Rxy was changed

from negative to positive, indicating that the magnetization was re-

versed under magnetic field of 0.2 T. The transformation of super-

sensitive magnetism was realized by strain, which was reversible.

The Hc can be effectively manipulated. Under tensile strain, the

strain change required for magnetization reversal in FGT is about

0.06% (Figs. 8g and h), which is much smaller than that of required

for spin tilt in the traditional ferromagnetic layer used for mag-

netic tunnel junctions.

4.2. Hydrogen evolution reaction

Strain has been widely applied in varying the physical proper-

ties rather than chemical properties of materials. In this section,

the effects from strain on the electrochemical hydrogen evolution

of the flexible and rigid substrates have been introduced.

A three-dimensional (3D) nanoporous metal supported MoS2
film has been constructed for HER [93]. The monolayer MoS2 film

was directly grown on the 3D nanoporous gold (NPG) curved inter-

nal surface, which was uniform with severe distortion (Fig. 9a). The

curved gold surface changed the S-Mo-S bonding angle and then

distorted the MoS2 lattice (Fig. 9b). The changed S-Mo-S bonding

angle can improve the charge density of S atoms and lead more

negative adsorption free energy (�GH). The monolayer MoS2 di-

rectly contact the highly conductive gold, thus inducing the in-

terlayer potential barrier (forming Ohmic contact) and increasing

the charge transfer rate and HER efficiency. Monolayer MoS2@NPG

showed high catalytic activity under strain, with a Tafel slope of 46

mV/decade and an onset potential of 118 mV. However, the hydro-

gen absorption performance should be still improved.

Rigid substrate can play the same role with flexible substrate

in the application of strain. Sulphur vacancies can be integrated

with strain to activate 2H MoS2 for hydrogen evolution [63]. Ten-

sile strain was applied by using surface tension (1.35% ± 0.15%).

The sulfur vacancies were introduced with plasma, resulted in new

bands in energy levels. When tensile strain was applied, the new

band moved to the Fermi surface to reduce the band gap and

increased the number of gap states near the Fermi level, which

also enhanced the adsorption strength at the S-vacancy site. More-

over, stretching the sulfur vacancy energy can also change �GH.

As shown in the Fig. 9c, �GH approach to zero can be obtained

with the appropriate concentration of sulfur vacancies and strain

level, enabling the improvement of the hydrogen absorption activ-

ity of MoS2. After comparing the polarization curve of several ma-

terials, including Au, MoS2 (pristine), S-MoS2 (strain), V-MoS2 (va-

cancy), SV-MoS2 (strained vacancy) and Pt, it indicated that strain

had only limited effects on the enhancement of HER properties of

MoS2, which can achieve a current density 10 mA/cm2 at -0.17

V and Tafel slop lower to 60 mV/dec (Fig. 9d). Moreover, it pro-

vided a deep understanding into the correlation of free energy and

the combined effects of vacancy with strain. In addition, the Zeng

group used density functional theory (DFT) calculations to reveal

the relationship between the HER performance of 2D materials

(GeP3 and SnP3) and the strain [94]. The HER performance of GeP3
and SnP3 was seemed to be insensitive to strain. However, when

the materials were attached to graphene, the external strain can

vary the �GH of the GeP3@graphene and SnP3@graphene, which

was proportional to the total energy difference. This provided a

new idea to understand the relationship between strain, support

materials and hydrogen absorption.

4.3. Single-photon emitters

Strain is an extremely effective way to adjust the 3D carrier

confinements to form a PL center [95,96], which has potential

applications to achieve quantum emission. Atature group placed

the TMDs on patterned arrays of nanopillars with the heights

ranged from 60 nm to 190 nm, which were fabricated with elec-

tron beam lithography (Figs. 10a and b) [39]. The strain applied

on TMDs led to quantum confinement of excitons, which gener-

ated quantum light emitters in the semiconductive layered ma-

terials, specially WSe2 and WS2 [97-102]. Single quantum light

emitters tended to be generated in arrays with higher nanopillars.

Helium ion exposure can also introduce the electron-hole com-

plexes at defect states as optically active states [23]. Quantum con-

finement state can tailor quantum emitters (Figs. 10c and d). Re-

cently, the researchers have focused on Au arrays. Strauf and co-

works reported Au nanocube cavity array as strain source to in-

duce single-quantum emitters in monolayer WSe2. The monolayer

WSe2 was stamped onto the array (Fig. 10e) [103]. Hot sports

are located at the four corners, coincident with the strain re-

gions (Fig. 10f), which inducing quantum emitters are high as

95% at per site (Figs. 10g and h). Zahn reported a giant enhance-

ment of the gapmode tip-enhanced Raman scattering (TERS) sig-

nal from a monolayer MoS2 flake stamped on Au nanocluster ar-

rays [104]. They observed a TERS enhancement of 5.6 × 108 and a

spatial resolution of 2.3 nm. The strain induced strong carrier lo-

calization and changed the dielectric environment single-particles

states, which was increased with the aspect ratio (h/r: radius r and

height h) [96]. Strain, as an effective method to promote the lo-

calization of strong carriers, is the main source of single photon

emission.
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Fig. 10. (a) The process of device fabrication. (b) PL spectra for nanopillars. (c) The second-order photon correlation function g(2)(τ ), which represents single-photon emission

properties based on (b). (d) Dark field optical microscopy image of monolayer WSe2 on the nanopillar substrate with the height of 130 nm and separation of 4 μm. Copied

with permission [39]. Copyright 2017, Springer Nature. (e) Schematic illustration of monolayer WSe2 coupled with Au array. (f) Top: the distribution profile illustrating the

confinement of the plasmon. Bottom: the highest strain area at cube corners. (g) Hyperspectral PL map of WSe2, strained by Au array within the range of 750-850 nm. (h)

The single-photon emission properties. Copied with permission [103]. Copyright 2018, Springer Nature.

5. Summary

2D materials have been extensively studied for their excellent

physical and chemical properties. However, the properties of 2D

materials are closely related to the substrate and external strain.

Therefore, both the type and morphology of the substrates may af-

fect the strain thus regulating the physical and chemical properties

of the 2D materials.

This article has summarized recent advances in the application

of strained substrate to regulate the properties of materials. The

lattice structure of substrate can be varied, and the symmetry can

be changed to regulate the optical, electrical, magnetic, electro-

chemical properties. Various substrates have been involved, such

as the rough substrates, array substrates, and flexible and stretch-

able substrates. The methods for generating strain and controlling

the properties of materials have been introduced, in the fields of

optoelectronic devices, magnetic detectors, electrochemical hydro-

gen absorption and so on. However, besides of strain and substrate,

multiple other factors may also affect the properties of material.

Therefore, there are still challenges in the accurate understanding

and design of substrates morphology for controlling material prop-

erties. However, due to the diversity of substrate materials, it is

also a problem that needs to be solved to understand the influ-

ence of substrate materials and substrate strain on the properties

of 2D materials. Therefore, it is necessary to accurately understand

the relationship between structure and performance.

In general, the strain engineering of substrates provides an ef-

fective method for regulating the properties of materials, and also

expands their future applications. Multiple innovative materials are

emerging with promising prospects, including high-performance

MoS2 FET with crested substrate, graphene magnetic detector with

terrace substrate, quantum light source with patterned substrate

and high-performance electrochemical activity. As well as pho-

todetectors [6,105] and wearable devices [106-108] based on flex-

ible substrate. These devices provide useful information for the

large-scale development and application of 2D materials in micro-

electromechanical systems.
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