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Abstract

Graphene has been widely studied for its many extraordinary properties, and other two-dimensional
layered materials are now gaining increased interest. These excellent properties make thin layer materials
very attractive for integration into a wide variety of technologies, particularly in flexible optoelectronic
devices. Therefore, gaining control over these properties will allow for a more focused design and
optimisation of these possible technologies. Through the application of mechanical strain it is possible to
alter the electronic structures of two-dimensional crystals, such as graphene and transition metal
dichalcogenides (e.g. MoS,), and these changes in electronic structure can alter their behaviour. In this
perspective we discuss recent advances in the strain engineering of thin layer materials, with a focus on
using Raman spectroscopy and electrical transport to investigate the effect of strain as well as the effect of

strain on the chemical functionalisation of graphene.

Introduction

Graphene, a single-atom thick sheet of hexagonal sp” hybridised carbon atoms, has been the focus
of an immense amount of research in recent years due to its many extraordinary properties. These
properties include exceptionally high charge carrier mobility,"* high mechanical strength and elasticity,’*
optical transparency,”® and a wide variety of possible chemical modifications.”” Each of these attributes
makes graphene an ideal material to investigate not only fundamental scientific questions regarding

condensed matter physics, but also practical integration into a wide variety of devices including flexible
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electronics, photonic devices, and transistors. ' However, despite these excellent properties
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graphene still faces several drawbacks, including the lack of a band gap due to the contact between the
conduction and valence bands at the Dirac points (K point), as well as difficulty in scaling up production
while maintaining high quality. The beneficial properties of graphene can be modified or tuned for
specific applications, and other unique properties introduced, by a variety of methods; including confining

the size into zero-dimensional (0D, quantum dots) or one-dimensional (1D, ribbons) structures,'™"

20,21 22-24

altering the number of graphene layers,”*" chemical functionalisation,” " as well as applying mechanical

strain, %

The effects of mechanical strain on graphene are important to understand, particularly for
applications such as flexible electronics. Strain allows the electronic structure of graphene to be easily
altered, and also the possibility of introducing a band gap into the otherwise gapless material.”**>°
However, it has been calculated that strain values over 20% are needed to open a significant band gap in

#31 although this value depends strongly on the relative angle of applied strain. Typical

graphene,
experimentally realised strain values are much lower, approximately 1%, far below the predicted
maximum for graphene. However, strain values as high as 30% have been reported using suspended
graphene® and this indicates that, in principle, much higher strain values are possible. The much lower
strain values typically achieved are the result of poor strain transfer between graphene and its supporting
substrate.”*>* The majority of existing publications pertain to theoretical calculations on how the
distortion of the graphene lattice can lead to changes in the electronic structure and how this can affect the
properties of graphene. In the theoretical studies typically the strain studied is homogenously distributed
across the sample by uniaxial or biaxial tension and compression. However, some studies have shown that
non-uniform strain can lead to unique electronic and photonic properties in 2D crystals;***> however the
experimental realisation of such complex strain is still difficult to achieve. Experimentally strain can be
applied by either bending or stretching the supporting substrate to induce strain. The strain induced in the

graphene experimentally is therefore a combination of in-plane tension/compression as well as shear

strain due to substrate interactions. Out-of-plane strain, perpendicular to the graphene, can also be
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induced due to buckling and the formation of ripples. As mechanical strain is applied to the graphene, the
lattice becomes distorted and the Dirac cones are shifted at the K and K’ points in opposite directions,
leading to a modulation of the electronic structure.”” As well as shifting the Dirac cones, mechanical
strain causes a change in the Fermi velocity in graphene.”’*° Depending on the strain axis, either along the
armchair or zig-zag directions, the Fermi velocity typically decreases for tension, while increasing for
compression.”® These changes to the electronic structure will alter the behaviour of strained graphene,
particularly in electronic devices. As mechanical strain alters the separation of the Dirac cones, as well as
the dispersion within each cone, these changes can be easily detected by Raman spectroscopy, and there

are a large number of existing works that investigate the Raman spectra of strained graphene.

Chemical functionalisation of graphene is of interest due to the ease of up-scaling for wide scale
production and the reactivity of graphene, as well as other 2D materials, can be modified by applying
strain. Functionalisation of graphene is of interest as it can modify the electronic structure through
doping,’” allowing for the synthesis of p- and n-doped graphene via the attachment of electron
withdrawing and donating molecules respectively.”®’ Due to the stability of graphene’s sp’ carbon
network it is typically considered chemically inert. Fullerenes and carbon nanotubes are known to have

4042 which causes them to

high chemical reactivity due to the strain present in their highly curved lattice,
release this strain through the formation of sp’ covalent attachment sites. The source of graphene’s
chemical stability comes, in part, from the reduced strain present in its sp’ network due to its ideal planar
structure. However, despite graphene’s low reactivity several synthetic routes have been demonstrated to
be particularly effective including; the use of highly reactive radicals, nucleophilic addition, cyclo
addition, and electrophilic substitution.”* By applying strain to the graphene lattice one can engineer its

chemical reactivity and this in turn can greatly alter its properties allowing the tuning of the electronic

structure as needed.

As mentioned, due to the flexibility, optical transparency, and high carrier mobility of graphene

applications such as flexible electronics are made possible. To investigate the performance of flexible
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graphene electronics, the effect of strain on the electrical transport properties of graphene is required.
Conventional materials such as silicon are unacceptable for integration into flexible devices due to poor
flexibility and transparency, while organic semiconductors suffer from low carrier mobility. However, the
combination of graphene and flexible supporting substrates may allow for these drawbacks to be
overcome.”® Flexible graphene based transistors have been produced that can operate in a range of
applied strains.'"”" Typically, as graphene is strained the resistance increases and the carrier mobility
decreases, however this can also be utilised in the form of highly sensitive strain sensors.”’”>' To fully
optimise the performance of the flexible graphene based electronics it is essential to fully understand the

effect of strain on the electrical properties.

As well as graphene, other two-dimensional (2D) layered materials are also of interest due to their
unique properties, many of which are also affected by both strain and chemical functionalisation. In
particular inorganic materials such as transition metal dichalcogenides (TMDs)** are gaining increased
research focus, due to similarities with graphene. TMDs have the advantage of being intrinsic
semiconductors, expanding the possibilities for applications in electronic and optoelectronic devices. Also,
some TMDs show unique layer-number dependant electronic band structures, changing from indirect to
direct gap with decreasing layer number. Already there are several examples of similar effects of
mechanical strain on such materials including increased catalytic activity’® and altering of their electronic

35,54-57

structure, as well as the effect of curvature on chemical activity.”® There are also many combinations

59,60

of graphene and other 2D materials that can be combined into heterostructures,””” which when combined

with strain engineering will allow novel properties and applications to be explored.

In this Perspective we provide an overview of strain engineering of 2D layered materials, with
particular focus on the use of Raman spectroscopy, chemical functionalisation and electrical transport of
strained graphene. As well as graphene, we also briefly discuss related 2D layered materials, such as
MoS,, which exhibit similar behaviour. We highlight recent results, both theoretical and experimental, as

well as discussion of future directions of this field.
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1. Raman Spectroscopy of Strained Graphene

Raman spectroscopy is an ideal method to investigate the properties of graphene as it provides a
wealth of information regarding the physical and electronic structure while being fast and non-
destructive.’" Raman spectroscopy allows one to determine the number of layers of graphene present in
a sample,”** detect the presence and concentration of defects,”*® determine the level and polarity of

6770 as well as the effect of strain on the graphene lattice.”"” As mentioned previously,

doping,
mechanical strain can alter the electronic structure of graphene by distorting the graphene lattice. This
lattice distortion can be easily detected by Raman spectroscopy. As mechanical strain is applied to the
graphene there are several key changes that occur to the Raman spectrum, in particular tensile strain
causes an increase in Dirac cone separation leading to phonon softening (red shift of the signature
graphene Raman peaks) while compressive strain leads to phonon hardening (blue shift).”""” The shift in
peak position (w) with applied strain (&) is linear; this allows one to use Raman spectroscopy to determine
the level of strain on the graphene from the Raman shift.*””>"® However, this typically requires
assumptions regarding the homogeneity of the applied strain as well as treating the strain as purely
uniaxial or biaxial. In reality most experimental apparatuses apply a combination of strain along several
different axes making the interpretation of the data more complex. Applied strain also leads to the
splitting of the doubly degenerate G band into separate peaks, referred to as the G™ and G°, while the 2D
(or G") band also splits under applied strain into separate 2D and 2D peaks.”"’* Thus, by measuring the

Raman spectrum of graphene that is undergoing externally applied strain it is possible to gather a wealth

of information about the phonon structure and use strain to tune the properties of graphene as required.

Several groups have investigated the effect of strain on graphene by Raman spectroscopy and this
peak splitting and subsequent shift in phonon frequency of the G band are demonstrated in Fig. 1. Figure
la depicts the G band of relaxed (grey) and strained graphene (black), demonstrating how the peak splits

into two separate peaks (referred to as the G™ and G"), due to the angle between the applied strain axis and
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the orientation of the graphene lattice.”” As the degree of peak separation depends strongly on the relative
angle between the lattice and the strain axis, it is possible using polarized Raman to determine the
orientation of the graphene lattice while strain is applied.”® This can be used to generate a map showing
the different domain orientations in polycrystalline graphene. Figure 1b plots the position of each of the G
band sub peaks (G, G") as a function of applied strain up to 1%, demonstrating the linear dependence.
The slope of this relationship (Owg/0¢, where wg is the frequency of the G and ¢ the strain) is inherent to
the material, but changes for uniaxial versus biaxial strain, and several different values are reported for
single-layer graphene in the literature depending on the method of calculation or experimental setup.”"”>"
Typical values of dwg/d¢ for uniaxial strain of the G and G™ are 33 cm™/% and 15 cm™/%, respectively.™
This linear dependence of peak position on Raman shift allows for sensitive strain sensors to be designed
on graphene containing fibres or similar nanocomposites.”” Through the addition of polarised Raman it
would also be possible to determine not only the magnitude of strain but also the orientation of the strain
axis, an important tool for investigating the mechanical properties of nanocomposite materials. Figure 1c
shows the Raman spectra of graphene undergoing a range of strain values from tension into compression,
as is standard in the literature, tension is depicted as positive strain values (up to 0.62% in Fig. 1c) while
compression is given as negative strain (down to -0.62%).” We can clearly see in Fig. lc that as tension
is applied the G band phonon frequency softens (downshifts) in frequency and begins to split into two
discrete peaks, while compression causes phonon hardening or upshifting in frequency combined with the

similar splitting.

The 2D peak also undergoes splitting when strain is applied, as shown in Fig. 2.”>* Figure 2a
shows the Raman spectra of graphene with increasing strain when the excitation light is polarised parallel
(red) or perpendicular (black) to the strain axis. The 2D band, even without applied strain, in made up of
two Lorentzian components, then as strain is applied these shift at differing rates.*"** This is because
unlike the single photon G band Raman process, the 2D band is a double resonance process involving two

phonons.”® Due to this two phonon process when strain is applied the distorted lattice allows for new
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resonant conditions to apply, thus the 2D band is affected not only by phonon softening due to strain but
additional shift due to a shift in the Dirac cones.”****’ The linear response of the 2D peak positions with
applied strain can be seen in Fig. 2b. The sensitivity of the 2D band to strain (Ow,p/0¢) is approximately
double that of the G band, with typical values of 63.1 cm™/% and 44.1 cm™/% for the 2D and 2D" peaks
respectively for uniaxial strain applied along armchair direction.*® Figure 2c illustrates the spectrum of
strained graphene for differing angles of plane polarised excitation, demonstrating that the 2D" and 2D
are at maximum intensity perpendicular to one another. This is because they originate from differing axis

in the graphene lattice, and can be represented on a polar plot with separate lobes for each sub-peak.*

Typically experiments into the effect of strain on graphene have used mechanically exfoliated
samples that are transferred onto a flexible polymer substrate and then bent using a cantilever apparatus.
Recently, we have experimentally investigated the effect of shear strain (in-plane distortion) on the
Raman spectrum of both pristine’”® and chemically functionalised™ chemical vapour deposition (CVD)
grown graphene. Typically strain occurs as either uniaxial compression or tension however, due to the
interactions between the supporting substrate and the graphene shear strain can become the dominant
mechanism, which is as a combination of tension and compression perpendicular to each other. This
inhomogeneous biaxial strain has been investigated theoretically previously and is of interest as it can
more greatly affect the electronic structure of graphene than uniaxial strain alone.”* Although CVD
growth can produce large-area single-layer graphene with relatively low cost the as-grown graphene
usually contains many small domains with differing orientations, with the interface between these rotated
domains containing defect rich domain boundaries,***’ due to the uncontrolled formation of nucleation
sites and un-optimised growth conditions. The use of CVD grown graphene results in a polycrystalline
structure with many domain boundaries. These domain boundaries are an important feature, as they affect
not only the mechanical properties of the graphene™' but also the electronic structure.”>”® Despite the

generally assumed negative side-effects of domain boundaries, there are in fact a wide variety of novel
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properties and applications that are made possible by domain boundaries, including plasmonics®™ and

electronics.”

These domain boundaries consist of a wide variety of defective structures, but predominantly
chains of pentagon-heptagon rings (5-7), such a structure can be seen in Figs. 3a and 3b, along with
theoretical models of polycrystalline graphene, in Figs. 3c and 3d. Figure 3a shows an atomic resolution
annular dark-field scanning transmission electron microscope (ADF-STEM) image of CVD grown
graphene containing a domain boundary, with Fig. 3b showing the same boundary with the 5-7 ring
defects highlighted.* The domains on either side of the boundary are measured to be rotated by 27° to
each other, and it is this mismatch that causes the defective boundary to form at the interface. Figure 3c is
a theoretical model of polycrystalline graphene showing several domains with different rotations.”® These
domain boundaries cause the graphene to not exist as an ideal flat sheet, but instead an uneven and
undulating surface due to inherent strain on the surrounding lattice. These imperfections in the graphene
surface are important to take account of when predicting the properties and behaviour of polycrystalline
graphene. As mechanical strain is applied to the polycrystalline graphene lattice, it is not dispersed
homogenously across the lattice. Instead defects, such as those present along domain boundaries, undergo

909697 o similar effect has also been calculated for carbon nanotubes.”® This

significantly increased strain,
is shown in Fig. 3d, where a line of alternating 5-7 member rings is shown to induce significant stress

along the boundary compared to the inner domain regions.”’ This pre-strain existing in the lattice due to

the 5-7 ring defects causes them to undergo increased deformation when external strain is applied.

Strain can also induce other mechanisms, such as domain rotation or slippage due to inefficient
interfacial strain transfer. The relative orientation of the boundary with respect to the applied strain is also
an important factor.””'” However, in the case of CVD graphene the orientation of these domain
boundaries is typically random so there is little control of such relative orientation. Recently, we found
that the use of polycrystalline graphene, containing domains ranging in size from several hundred

nanometres to over one micron, led to an unexpected trend in the Raman peak positions with increasing
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mechanical strain.’” As mechanical strain is applied to the polycrystalline graphene the domain
boundaries undergo increased strain due to their already strained defective structures.”””'*" The presence
of this strained defective lattice then causes the phonon frequencies to be affected. Shown in Fig. 4a is the
typical shift of the G and 2D bands for exfoliated graphene, with a negative slope (Ow/0¢) as expected.
However, when polycrystalline graphene was transferred onto polydimethylsiloxane (PDMS) and shear
strain was applied, as shown in the diagram of Fig. 4b, the G and 2D bands were observed to have
opposite slopes. As PDMS was used as the flexible substrate and the supporting substrate was elongated,
the graphene underwent compression producing an upshift of the 2D band position as expected, however
the G band was found to decrease in frequency. This unexpected behaviour was attributed to the presence
of domain boundaries, due to the absence of such behaviour in exfoliated or CVD grown large (>100 um)
domain graphene which both behaved as expected. These results suggest that only when the graphene
domain size is smaller than the Raman laser spot size (approximately 1pum) would this opposite trend in
peak position be observed. The reason behind this opposite trend in phonon frequency for the G and 2D
bands is likely related to the physical origins of each band. The G band originates from a first order single
phonon process, while the 2D band originates from a second-order process where two iTO phonons
scatter near the K point.”” The 2D band originates independently from defects within the graphene
structure and thus is a measure of the strain within the domain areas. While the G band is more strongly
affected by both strain within the domain and along the boundary and contains information regarding the
changing force constant as strain is applied.”® The differing phonon scattering processes will affect how
each Raman peak behaves as strain is applied to the already strained domain boundaries. The behaviour
of strained domain boundaries may lead to unexpected physical or electrical properties that can be

exploited, making understanding the effect of strain on polycrystalline graphene of great importance.



Physical Chemistry Chemical Physics Page 10 of 36

2. Chemical Reactivity of Strained Graphene

One application that arises from the alteration of the electronic structure of graphene as
mechanical strain is applied is enhanced chemical reactivity. As discussed previously the reactivity of
carbon sp” systems depends strongly on the internal strain that results from curvature within these systems.

442 which describes how the

This curvature is best described by m-orbital axis vector (POAV) theory,
relative angle between the m-orbital and the o-orbital is related to the chemical reactivity of the carbon
atoms. Thus, fullerenes* and carbon nanotubes® have a high intrinsic reactivity due to the curvature of
their surfaces, on the other hand pure 2D materials such as graphene have very low reactivity. The low
reactivity of graphene typically requires harsh chemical treatment to allow functionalisation to occur.
However, as we have seen it is also possible to distort the lattice of graphene by applying mechanical
strain, and this would be expected to have an effect on the chemical reactivity of the graphene allowing
for control over the subsequent properties. There have been several theoretical investigations into the
effect of mechanical strain on the chemical reactivity of graphene, but only recently have these been
experimentally achieved. Defect sites, including point defects, edges and domain boundaries, in graphene
have also been both theoretically predicted and experimentally observed to have increased chemical

reactivity.**'"'% Therefore we would expect the combined effect of mechanical strain on defect rich

structures to be of interest for controlling the chemistry of graphene.

Theoretical calculations have shown that as graphene is strained the charges around each of the
carbon-carbon bonds becomes localised. This charge localisation can lead to increased binding energy for

196-19% and also enhanced adsorption of metal nanoparticles.'””'"” There

simple molecules such as hydrogen
have also been some studies on the covalent functionalisation of graphene, comparing the different effect
of strain on physisorption and chemisorption."'""!'* The increased binding energy of hydrogen on strained

graphene was first published in 2008, and calculated that the binding energy depended linearly on applied

strain.'” Applied tensile strain was calculated to weaken the m-bond, creating an extended p.-like orbital

10
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that is able to form a covalent bond, that with approximately 10% strain could increase the reactivity of
the graphene by a factor of 5. This elongation of the C-C bonds and subsequent localisation of the ©
electrons can be seen in Fig. 5a. It has been calculated that as graphene undergoes biaxial strain the
increased charge density also leads to the formation of new peaks in the density of states (DOS), and

108
L.

these new peaks shift towards the Fermi level. ™ Calculations for other simple atoms and molecules such

as a single atom of hydrogen, fluorine, or oxygen, and a hydroxyl group have been performed.'"

Figure 5b plots the change in energy of pristine graphene with applied strain along both the zig-
zag and armchair directions as well as biaxial strain.''' It can be clearly seen that as strain, either
compression or tension, is applied to the graphene that the total energy increases. The uniaxial strain
applied along both the armchair and zig-zag directions produces an approximately equal increase in
energy, however biaxial strain destabilises the graphene more significantly leading to increased total
energy. This increased energy from destabilisation of the graphene lattice can decrease the chemisorption
energy for all studied adatoms.'"" It was also discovered that large negative strain, or compression, leads
to the formation of ripples in the topology of the graphene and this localised curvature can also affect the
reactivity of the graphene. The formation of ripples in the topology of graphene has also been calculated
to occur for shear strain as seen in Fig. 5¢.'”® Thus we can expect the increased chemical reactivity from
strained graphene to be a combination of charge localisation and also the formation of localised curvature

through the formation of ripples and other topological defects.

Calculations have also been performed for metal clusters in contact with strained graphene, in
particular platinum clusters were proposed to possess increased binding energy as well as controllable
catalytic activity based on ab initio calculations.'” The correlation between applied strain (%) and
binding energy of platinum (E,"") can be seen in Fig. 5d. It was found that as biaxial strain is increased the
binding energy towards the platinum cluster increases linearly. The reason for the increased binding

109

energy was given as increased electrostatic potential at the platinum/graphene interface, ~ itself a result

of increased charge density in the strained graphene as already discussed. The catalytic properties of the

11
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platinum nanoparticles were also affected by the strain on the underlying graphene supporting substrate,
due to alterations of the DOS of the platinum cluster as strain was applied to the graphene.'” It was also
found that strained graphene suppresses the degradation of the catalyst clusters providing a more durable
system. This is an example of how strained graphene can be used to dynamically tune the properties of

catalyst particles for specific requirements.

In addition to the existing theoretical calculations already published there have been experimental
confirmations of the increased reactivity of strained graphene systems. One recent publication
demonstrated that strain on graphene induced by localised curvature can lead to increased reactivity
towards diazonium functionalisation.''* Aryl diazonium functionalisation is particularly interesting due to
the well-established reactivity with sp® carbon systems and the ability to tune the electronic properties of
the graphene through doping.”****'"* The mechanism by which aryl diazonium molecules attach is via an
initial electron transfer step that forms a highly reactive aryl radical, this radical then rapidly covalently
attaches to the graphene converting the lattice at the attachment site from sp” to sp> hybridisation.**** The
increased reaction with aryl diazonium, 4-nitrobenzene diazonium (4-NBD) was achieved by deformation
of the graphene by transferring it onto spherical silica (SiO,) nanoparticles, creating ripples in the
graphene, and then chemically functionalising the graphene as shown in Fig. 6a. It was observed that by
transferring the graphene onto these silica nanoparticles that the curvature induced strain gave rise to an
increased rate of reactivity, detected as a larger change in the Raman spectrum of the graphene.''* Figure
6b shows the Raman map plotting the D band intensity of the deformed graphene before (1) and after (2)
diazonium functionalisation. At locations of increased deformation there is a corresponding amount of
increased functionalisation, this increased degree of covalent functionalisation was attributed to curvature
induced strain and can be determined by the increased intensity of the D band in the Raman spectrum in
Fig. 6c, indicative of covalent attachment. These results were also supported by theoretical calculations
which showed that by increasing the curvature of the graphene the pyramidalization angle was increased,

leading to increased reactivity.'"

12
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Strain can also be applied to graphene in a dynamic fashion allowing for a tuning of the chemical
reactivity to be achieved. Recently, we demonstrated that graphene transferred onto a flexible supporting
substrate (PDMS) can be functionalised while external mechanical strain was applied; this is shown
schematically in Fig. 7a."''® Several different aryl diazonium molecules were used; either p-type dopants
(nitrobenzene, bromobenzene) or n-type dopants (methoxybenzene) and increased reactivity was
observed for each species. It was observed that applying strain of up to 15% to the supporting substrate
resulted in an increase in the rate of functionalisation up to 10 fold."'"® The saturation concentration of
attached molecules was also found to increase with applied strain, possibly allowing for sufficient yield to
open a significant band gap in the electronic structure of the graphene. The increased functionalisation
was confirmed by both an increase in the Ip/Ig ratio due to covalent bond formation, a decrease in the
Lp/Ig ratio due to charge transfer, as well as increased peak shift due to doping.''® The origin of this
increased reactivity was attributed to the increased charge localisation as previously predicted
theoretically. As aryl diazonium reactions require an electron charge transfer step to initiate it is
reasonable to see how increased electron density around the carbon atoms leads to increased covalent
functionalisation occurring. For the n-type dopant, methoxybenzene compound (4-MBD), the rate of
functionalisation on relaxed graphene was found to be negligible, but with 15% applied strain both the
rate and the degree of doping and functionalisation was found to increase drastically, as can be seen in the
plot of the Ip/Ig ratio and Raman spectra of Fig. 7b,c. This increased reactivity of graphene under
mechanical strain can allow for reactions to take place that would not be possible for relaxed graphene. In
this way the strain can act as a reversible ‘catalyst’, possibly allowing a wider variety of reactions to take
place and expanding the possibilities for the chemical functionalisation of graphene. The use of this strain
enhanced reactivity can allow for sufficient doping to be achieved making it suitable for electronics
applications, for example by functionalising opposing areas of graphene with p- and n-type dopants an in-
plane p-n junction can be created.''® This is one example of tuning the properties of graphene for flexible
electronics applications. Theoretical DFT calculations were also used to support the increased chemical
reactivity observed experimentally. In particular it was calculated that strain applied to defect containing

13
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graphene undergoes significant destabilisation, leading to an increase in total energy, while pristine

graphene is not strongly affected.''®

3. Flexible Graphene Electronics

For applications in the electronic industry the charge transport properties of graphene while
undergoing strain are of importance. As discussed in the previous sections, as graphene is strained to
sufficiently high values the electronic structure can be altered and this changes the charge carrier transport
through the graphene. This is particularly important for the design of flexible electronic devices, such as
field-effect transistors (FETs) and transparent electrodes.'”" These previous devices have demonstrated
that graphene transferred onto flexible and stretchable substrates are a viable technology, however, they
still suffer from several drawbacks. Firstly, as the graphene is brought into contact with the supporting
polymer substrate the desired exceptional carrier mobility is often severely reduced due to scattering and
thus several layers of graphene are needed to overcome this. The use of multiple graphene layers reduces
the contact resistance of the device and removes the need for metal contacts which typically deteriorate
under large strain. Secondly, current experimental devices operate at much lower strain regimes than has
been theoretically predicted to be required to significantly alter the band structure of graphene. However,
a transport gap can be introduced into areas of highly localised strain which leads to suppressed
conductivity even in the absence of a bulk band gap.”’' Understanding the performance of flexible
graphene devices while undergoing strain is important to enable future developments and optimise device

design and construction.

Figure 8 demonstrates the construction and electrical characterisation of a flexible graphene based
FET.” In Fig. 8a we can see a schematic showing the patterned graphene (1-3 layers) supported by a
flexible PDMS substrate as well as a printed ion gel gate. Figure 8b shows the charge transfer
characteristics for increasing thickness of graphene displaying ambipolar behaviour, while Fig. 8¢ shows

the charge carrier mobility as a function of graphene thickness. With only one graphene layer the charge

14
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scattering caused by substrate interactions greatly reduces the mobility, and as the number of graphene
layers increases so does the mobility with 3 layers showing greatly improved performance while retaining
optical transparency."” Figure 8d shows the optical images as the FET is strained, as determined by the
change in length of the PDMS, up to 5%. However, due to inefficient strain propagation between layers it
is likely that the top-most layer is experiencing significantly reduced strain, as discussed in the earlier
section.''” Figure 8e shows the I-V curve behaviour of the tri-layer graphene FET with increasing strain
up to 5%, which showed only a minor decrease in performance corresponding to a 15% drop in mobility.
Above 5% strain the decrease in performance was more severe (Fig. 8f), attributed to the formation of
cracks in the graphene film. Below this 5% threshold the device was highly reproducible, showing little
degradation after 1000 cycles of strain/release of 3%. This example demonstrates that graphene can be
used to effectively design and construct flexible electronic devices that function even while being bent
and stretched. The performance of such flexible graphene based transistors can be further improved by
better understanding the interaction between the polymer substrate and the graphene layer in terms of
interfacial strain transfer and charge scattering. This may allow such devices to operate in much higher
strain regimes that can then more significantly alter the electronic structure of the graphene as
theoretically predicted. By choosing appropriate materials and synthesis conditions it may be possible to

create highly durable and resilient flexible, transparent electronic devices.

Another possible application of graphene that is transferred onto flexible supporting substrates is
highly sensitive strain sensors or strain gauges. These gauges work on the principle that mechanical strain
will increase the resistance of the graphene, and that very small strain can be easily detected and
quantified. The sensitivity of a strain gauge, known as the gauge factor, is defined as the change in
relative resistance as a function of applied strain (O(AR/R)/0¢) and is typically linear. The linear change
in the relative resistance with applied strain has been attributed to the relative change of the Fermi
velocity under strain. By calculating the slope of the Dirac cones from DFT calculations the relative

Fermi velocity can be determined and related to the gauge factor.”® By theoretically calculating the gauge

15
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factor of suspended graphene using the Fermi velocity it was found to be 2.4 while the experimental value
determined from resistivity was 1.9, in good agreement with one another.” It was suggested that the
increase in resistivity with strain could be attributed to the increase in carbon-carbon bonds, similar to
conventional metallic materials.*’ Several strain sensors have been reported for graphene on flexible
polymer substrates, however due to the differences in methods of graphene synthesis, transfer, and choice
of polymer substrate the gauge factor values cover a wide range; such as ~2,*° 4-14,% 6.1,” 22.* or
151.""% 1In these previously published results single-domain exfoliated graphene is found to have the

49,50

lowest sensitivity to strain while the existence of grain boundaries in CVD grown polycrystalline

graphene make it much more sensitive at lower strain regimes.**'"®

The possibility of such high sensitivity allows these graphene based strain gauges to operate as
tactile sensors that could be integrated into clothing or used for other forms of feedback. Figure 9 shows
an example of one such graphene based strain sensor.”’” Due to the reduced mobility of single-layer
graphene in contact with flexible substrates, as previously discussed, the device shown in Fig. 9a consists
of approximately 10 layers of graphene supported by PDMS and patterned into a rosette to maximise
strain sensitivity. Typically single layer graphene devices require metal contacts be deposited to allow for
electrical measurements due to the high contact resistance arising from the small contact area, however by
increasing the number of graphene layers the contact resistance is greatly reduced, removing the need for
metal contacts to be attached to the device; instead electrodes can be directly contacted onto the graphene
stack. Figure 9b is a plot of the resistance as a function of applied strain (measured by the change in
substrate length) showing that resistance increases with increasing strain. As with the previous example,
at lower strain regimes (<5%) the device response to strain was found to be highly reproducible, however
at higher strains (>5%) the performance was found to be non-reproducible and the original performance
could not be recovered.”” The gauge factor of the device in Fig. 9b was calculated to be approximately 2.4
in the strain regime below 1.8%, but at higher strains began to increase non-linearly from 4-14. This

increased gauge factor is likely caused by mechanical damage to the graphene at larger strain values. It
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has been shown previously that as graphene becomes damaged or cracked this leads to an exponential

increase in resistance with strain, instead of the expected linear response.'"’

4. Strain Engineering of other Two-Dimensional Crystals

Due to the rapid increase in graphene research other similar materials are gaining increased
attention. In particular TMDs have attracted recent interest due to similarities with graphene but with the
added benefit of being intrinsic semiconductors with direct band gaps. In particular molybdenum
disulphide (MoS,) has been the focus of many recent investigations which have shown that it is applicable
for high efficiency transistors'*’ and optoelectronic devices.'”' As with graphene, mechanical strain of
these 2D materials leads to a shift in phonon frequency which can be detected by Raman spectroscopy
and arises from a change in the electronic structure of the layered material. This strain engineering allows
the tuning of the band gap, a shift from a direct to an indirect band gap, and altering of the photonic

properties of TMD layered materials.”>*>’

The change in electronic structure of monolayer MoS, as a function of strain has been calculated
theoretically using density functional theory (DFT), and is shown in Figs. 10a and 10b.** The downshift
in optical absorption, shown in Fig. 10a, is a result of the reduced optical band gap with increasing strain.
This could lead to the production of high efficiency photovoltaics or other optoelectronic devices that
require sensitivity to specific wavelengths of light. The corresponding band structure of the strained
monolayer MoS, is shown in Fig. 10b, and shows the reduced optical band gap at the K point with
increasing strain as well as the transition from a direct to indirect gap at strain higher strain. This band gap
transition has been theoretically predicted by other groups as well and recently observed experimentally
as a decrease in photoluminescent intensity.’**> Figure 10c shows the schematic of an experimental
apparatus to measure the Raman and photoluminescence (PL) spectra of strained monolayer MoS,.”> In
this example monolayer MoS, was mechanically exfoliated and transferred onto a polycarbonate substrate

and uniaxial strain was applied by bending the substrate with a four point apparatus. The value of strain

17



Physical Chemistry Chemical Physics Page 18 of 36

can then be calculated from the radius of the bent substrate, to minimise slippage and increase its
adhesion titanium clamps were evaporated onto the MoS,. Figure 10d plots the Raman spectra of the A’
mode (403 cm™) due to out-of-plane vibrations along with the E* mode (384 cm™) due to in-plane
vibrations.” Under increasing strain the A’ band shows no noticeable shift in frequency or intensity,
while the E” band splits into two separate peaks (E”" and E") with reduced intensity in a similar fashion
as has been observed in graphene. Figure 10e plots the shift in the position of the E”" and E" bands as a
function of strain, and both exhibit a linear dependency on strain. The slope of each peak shift is
calculated to be 1.0 cm™/% for the E” band and 4.5 cm™/% for the E” band matching the calculated
values from first principles.”® For low strain values (<2%) the results were found to be highly
reproducible and could be repeated for multiple strain/relax cycles with little hysteresis. A similar trend as
seen in the Raman data was observed in the PL spectra as strain was applied, with a linear shift in PL
frequency and a decrease in intensity. The shift in frequency is attributed to the decrease of the optical
band gap as calculated previously, while the decrease in intensity is attributed to the shift from direct to
indirect transition.” The use of strain engineering can therefore be used to tune the desired properties
from inorganic 2D layered materials such as MoS, as well as graphene. The many similarities between
graphene and other 2D materials allows for a wide variety of similar properties to be investigated and

exploited for use in electronics applications.

Summary and Future Directions

We have shown in this Perspective several recent examples of how strain can be used to alter the
properties of graphene and similar 2D layered materials. However, the ability to tune the properties of
layered materials through applied mechanical strain, although proposed theoretically, has yet to be fully
realised experimentally. It has been demonstrated that strain can alter the electronic structure of 2D
materials such as graphene and TMDs, and the effect is strongly dependent on the angle of this applied

strain as well as the structure of the material itself. For future applications in transparent flexible
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electronics fully understanding and exploiting these effects is still required, especially at higher strain
values (>5%). There still remain many investigations into how strain can be fully utilised to increase the
chemical functionalisation of 2D layered materials and the effect of this on the subsequent electronic and
mechanical properties. Possible future applications of this strain engineering include hydrogen storage, as
the graphene provides a gas storage substrate that can bind and release hydrogen with applied strain
reversibly as needed. Electronic devices are another key area, as the increased functionalisation of
graphene can lead to the formation of band gap necessary for efficient transistor devices. Different 2D
layered materials can also be combined into vertical heterostructures whose properties can then be altered
through strain engineering, opening up a wide variety of possibly designs and applications.’***"*' Strain
engineering of the properties of graphene and other 2D layered crystals is still a relatively new field with

many possible routes for further investigations and optimisation to fully realize their potential.
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Fig. 1: a) Raman spectrum showing the G band of relaxed graphene (grey) and strained (1%) graphene (black). Inset
shows the origin of the G* and G~ peaks with relation to strain axis (&). b) Plot of G* (empty squares) and G~ (filled
squares) frequency with increasing uniaxial tensile strain for graphene embedded in polymer depicting linear relationship
of each component. Solid lines represent calculated values for suspended graphene. Inset shows an optical photograph of
a graphene flake with 10 pm scale bar. Figs. a & b adapted by permission from Macmillan Publishers Ltd: Nature
Communications ref.”’, copyright 2011. C) Plot showing the increasing shift and separation of the G band with both

f79

tension (red) and compression (blue). Adapted with permission from ref.”. Copyright 2010 American Chemical Society.
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Fig. 2: a) Raman spectra of graphene showing the 2D band with increasing tensile strain applied parallel (red) to the
incident excitation polarisation (785 nm) and perpendicular (black). The 2D peak has been fitted with two Lorentzian
peaks in each spectrum. b) Plot of 2D band frequency with increasing strain depicting linear relationship. The filled and
empty squares represent the two individual Lorentzian components for the 2D band line shape and data points
corresponding to the perpendicular excitation have been offset by 4 cm™ for clarity. Figs. a & b adapted with permission
from ref.””. Copyright 2011 American Chemical Society. c¢) Polarised Raman spectroscopy (514.5 nm excitation) of 2D
peak with applied tensile strain (0.97%). Top figure depicts the spectra with changing incident polarisation in 10°
increments while bottom plots the intensity of each component (2D°, 2D") in polar coordinates. Adapted from ref.*.

Copyright 2011 by the American Physical Society.
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Fig. 3: a-b) Atomic resolution ADF-STEM image showing graphene domain boundary with 5-7 rings highlighted. Scale
bars are 5 A. Figs. a & b adapted by permission from Macmillan Publishers Ltd: Nature ref.®, copyright 2011. c)
Atomistic model of polycrystalline graphene showing several rotated domains and domain boundaries (upper) along with
crumpled graphene sheet after equilibration (lower). Adapted from ref.’’. Copyright 2012 by the American Physical
Society. d) Calculation of inherent strain along domain boundary consisting of 5-7 membered rings, as highlighted.

Adapted from ref.”’ with permission from Elsevier.
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Fig. 4: a) Raman spectra of the G and 2D bands of exfoliated graphene with increasing tensile strain demonstrating the
linear trend in the same direction. The numbers indicate the tensile strain £ (%). Adapted from ref.’l. Copyright 2009 by
the American Physical Society. b) Schematic of shear strain applied to polycrystalline graphene supported by a PDMS
substrate. ¢) Raman spectra of polycrystalline graphene as increasing strain is applied showing an opposite trend for the
G and 2D bands. The numbers indicate the tensile strain & (%). Figs. b & ¢ adapted with permission from ref.”®

Copyright 2012 American Chemical Society.
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Fig. 5: a) Charge density profile calculated for single-layer graphene under increasing biaxial strain ¢ (%). Dark blue dots

represent C atoms. As strain is increased, electrons become localised around specific C-C bonds. Adapted from ref.'"

with permission from Elsevier. b) Plot of the change in total energy of pristine graphene as a function of strain along the

zigzag (blue) and armchair (green) directions as well as biaxial strain (red). Adapted with permission from ref.!!!

Copyright 2012 Wiley-VCH. ¢) Molecular dynamics simulation of single-layer graphene undergoing shear strain, leading

to the formation of ridges or ripples in the surface. Adapted from ref.'” with permission from Elsevier. d) Plot

demonstrating the linear correlation between applied strain and the binding energy of platinum clusters on graphene as

well as the d-band centre (¢4) of the platinum cluster. The inset schematically demonstrates the biaxial strain applied to

the graphene supporting a platinum cluster. Adapted with permission from ref.!” Copyright 2012 American Chemical

Society.
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Fig. 6: a) Schematic demonstrating the process of transferring graphene onto silica nanoparticles to create localised strain
followed by functionalisation with an aryl diazonium salt (4-nitrobenzene diazonium). b) Raman maps of the D band
intensity before (1) and after (2) functionalisation indicating increased functionalisation occurs at strained sites. ¢c) Raman

spectra at position marked 3 on the Raman map showing increased D band. Adapted from ref.""* with permission from
The Royal Society of Chemistry.
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Fig. 7: a) Schematic demonstrating the functionalisation of polycrystalline graphene as shear strain is applied. b) Plot of

the Ip/Ig ratio as a function of functionalisation time for one of the studied aryl diazonium compounds 4-MBD (4-

methoxybenzene diazonium) without any strain and with 15% applied strain. Note that this 15% strain is applied to the

PDMS substrate, and not all the strain is transferred to graphene. ¢) Comparison of the D, G, and 2D bands of graphene

functionalised for 30 seconds with and without applied strain indicating the greatly increased reactivity of the strained

graphene. Adapted with permission from ref."'® Copyright 2013 American Chemical Society.
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Fig. 8: a) Schematic of a flexible graphene FET on PDMS with ion gel gate dielectric. b) Transfer characteristics for
graphene FETs with differing number of graphene layers. c) Plot of hole (u;,) and electron (u,) mobilities with respect to
number of graphene layers. Inset shows optical microscope image of tri-layer graphene FET with 300 pm scale bar. d)
Optical microscope image of tri-layer graphene FET under 0% and 5% strain. e) I4-V curves for tri-layer graphene
FETs with increasing mechanical strain. f) I;-Vg curves for strain above 5% showing the larger degradation of

performance. Inset shows mobility as a function of strain. Adapted with permission from ref.'* Copyright 2011 American

Chemical Society.
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Fig. 9: a) Optical photograph of graphene (<10 layers) strain sensor in a rosette shape. b) Resistance of graphene as
tensile strain is applied. The gauge factor is approximately 2.4 below 1.8% then increases non-linearly from 4-14 at higher

strain. Adapted from ref.” with permission from Elsevier.

34



Page 35 of 36 Physical Chemistry Chemical Physics

)

M’A&W
- n=8% ? il .
n=7% Q
7n=6% q
n=5% FK

n=4%

LY
Energy (eV)

n=3%

Optical absorption spectra (a.u.)

T T
05 1.0 15 2.0 2.5 30

Excitation energv (eV)

m
m
+
>
i
w
©
wv
T
. »a
5
o=
.
he
[
on
L
LR
.
T
1

Raman Intensity (a.u.)
Raman Shift (cm™)
&
o
m

AVA /

1.2%/ \V \ A/ o

o /AN

fy\ik
w0

0%

w
~
wv

380 400 420 0 0.01 0.02
Raman Shift (cm™) Strain

Fig. 10: a) Calculated optical absorption spectra for monolayer MoS, as a function of bi-axial strain (tension) ranging
from 0% to 9%. b) DFT calculated band structure of MoS, with increasing strain 0-9%. Arrow depicts the minimum
direct transition energy for n = 0%. CB and VB are the conduction and valence bands respectively. Figs. a & b adapted
by permission from Macmillan Publishers Ltd: Nature Photonics ref.”*, copyright 2012. ¢) Schematic of experimental
apparatus used to strain MoS, on a polycarbonate substrate. d) Evolution of Raman spectra for strained single-layer
MoS, ranging from 0% to 1.6%. ¢) Relationship of the Raman E"" and E~ bands of single-layer MoS, with increasing
strain. Each colour represents a different device and the dashed lines are from first principles calculation. Figs. (c-e)

adapted with permission from ref.> Copyright 2013 American Chemical Society.
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This perspective discusses recent advances in using strain to engineer the properties of

thin-layer materials such as graphene and TMDs.
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