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raphene has been the focus of a

wide variety of research regarding

its unique materials properties. These
unique properties include a high degree of
mechanical strength as well as elasticity,’
excellent charge carrier mobility,> optical
transparency,’ and chemical stability.* These
properties make graphene an attractive
material for wide-scale integration into elec-
tronic devices. The ability to fully under-
stand the properties of this unique material
under a wide range of conditions is para-
mount to any future applications. Of parti-
cular interest to the field of flexible elec-
tronics is the effect of stress and strain on
the lattice of graphene and the resulting
change in the electronic structure, particu-
larly when in contact with a flexible sub-
strate. Altering of the electronic structure
could lead to strain engineering to produce
a specific electronic structure or possibly
introduce a band gap.’”® The interfacial
strain transfer between graphene and an
underlying polymer is also of interest for
the creation of high strength composite
matrices.”” "

There have been several previous pub-
lications that investigate the effect of strain
on graphene. These have included sub-
strate induced strain due to the lattice mis-
match between graphene and the under-
lying substrate,’®'® as well as the effect of
applied mechanical strain on the resistivity
and conductivity of stretchable transparent
electrodes,*'® but most research has fo-
cused on the effect of strain on the Raman
spectrum of graphene.'®'"'7732 This is of
particular importance as it gives an accurate
indication of the electronic structure and
phonon transport properties that differ as
the graphene crystal structure is altered.
Previous studies have included both
uniaxial'’®2°?%%7 and to a lesser extent
biaxial®'**32 strain and the resultant effects
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We investigate the effect of mechanical strain on graphene synthesized by chemical vapor
deposition (CVD) transferred onto flexible polymer substrates by observing the change in the
Raman spectrum and then compare this to the behavior of exfoliated graphene. Previous
studies into the effect of strain on graphene have focused on mechanically exfoliated
graphene, which consists of large single domains. However, for wide scale applications CVD
produced films are more applicable, and these differ in morphology, instead consisting of a
patchwork of smaller domains separated by domain boundaries. We find that under strain the
Raman spectra of CVD graphene transferred onto a silicone elastomer exhibits unusual
behavior, with the G and 2D band frequencies decreasing and increasing respectively with
applied strain. This unusual Raman behavior is attributed to the presence of domain
boundaries in polycrystalline graphene causing unexpected shifts in the electronic structure.
This was confirmed by the lack of such behavior in mechanically exfoliated large domain
graphene and also in large single-crystal graphene domains grown by CVD. Theoretical
calculation of G band for a given large shear strain may explain the unexpected shifts while the
shift of the Dirac points from the K point explain the conventional behavior of a 2D band under
the strain.

KEYWORDS: flexible - graphene - Raman - strain - domain boundary - CVD -
PDMS

on the Raman spectrum, most notably a

shift in the G and 2D (or G') band peak *Address correspondence to
frequency. This shift in Raman peak fre- agoecm-kyushu-u.acjp.
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to phonon softening (frequency downshift). The rate of
this change in peak position with strain is an intrinsic
property of the material and is defined by its Grlineisen
parameters, which describe how changing the volume
of a crystal lattice affects its vibrational properties.>

Previous literature reports on the Raman behavior of
graphene under strain deal mainly with mechanically
exfoliated graphene that is transferred onto a polymer
substrate. These polymer substrates include poly-
methyl methacrylate (PMMA)>'12%2527:2831 o)y
ethylene terephthalate (PET),'®'2533 and polydi-
methylsiloxane (PDMS).'%14716202% Each polymer has
different properties that alter the amount of strain that
can be exerted onto the graphene. Exfoliated gra-
phene transferred onto a flexible polymer provides a
large (10—100 um sized) single domain area to analyze;
however, for industrial scale applications when large
area (>cm) graphene films are required, the behavior of
chemical vapor deposition (CVD) synthesized gra-
phene will be of most interest. The crystal domain
structure differs for exfoliated graphene and CVD-
grown graphene3*~*® Mechanically exfoliated gra-
phene mostly exists as large single domain flakes, often
with a differing number of layers, whereas CVD-grown
graphene generally exhibits a continuous single-layer
film consisting of a large number of smaller domains,
when synthesized on a polycrystalline foil>® There
have been very few investigations into the properties
of CVD-grown graphene under applied strain, with
recent works using infrared spectroscopy to investi-
gate the transmission properties of strained CVD
graphene*' and biaxial strain applied to large-domain
suspended graphene.*? The domain size of polycrystal-
line graphene synthesized on copper foil is an average
of 1 um with a range of domain sizes ranging from
several hundred nanometers to 1—2 um as determined
by low energy electron microscopy (LEEM),*° and the
spot size of the confocal Raman laser used is also
approximately 1 um. Thus, when performing Raman
spectroscopy of polycrystalline graphene there is a
high probability of observing domain boundaries.
The presence of these numerous domain boundaries
is detrimental to the mobility of charge carriers within
the graphene due to phonon scattering, with the car-
rier mobility in CVD-grown single-layer graphene on the
order of 1000—4000 cm?/(V s) compared to exfoliated
graphene with mobility's of up to 10000 cm?/(V s) when
measured on SiO,/Si substrates.**~*> Domain boundaries
are believed to alter the electronic band structure possi-
bly introducing a band gap,®**® as well as altering the
mechanical properties of graphene.”” ~*° The cause for
this detrimental behavior has been investigated, and it
has been shown that these domain boundaries will cause
an increase in the phonon scattering due to grain
orientation mismatch.*>*°

In this work we compare the strain behavior of poly-
crystalline CVD-grown graphene to that of exfoliated
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graphene, by confocal Raman spectroscopy. From
previous investigations we expect the strain behavior
at the domain boundaries to be different from the
inside of the domains.*”**>>" These theoretical models
of polycrystalline graphene show that strain is homo-
genously distributed inside graphene grains while
domain boundaries experience increased strain.*’"*
The second-order Raman process responsible for the
2D band is caused by the scattering of two iTO
phonons near the K point and is independent of
defects,> instead it is affected only by strain and
provides information about the conditions inside of
the domains. On the other hand, the D band originates
from a single iTO phonon combined with phonon
scattering from a defect, such as those along domain
boundaries, and it offers information about the strain
at the boundary. The G band originates from a first-
order single phonon Raman process, thus it is affected
by strain both within the domain and at the boundary.
This provides information on the change in the force
constant and distribution of strain. Therefore, by com-
paring different Raman peaks under strain, we investi-
gate the effect on graphene domains which are
comparable to the laser spot size. It is found that the
domain boundaries present in CVD graphene cause an
anomalous behavior in the shift of Raman peak posi-
tions together with peak broadening, and several
possible causes for these results are discussed in
combination with theoretical analysis. Gaining an un-
derstanding as to the reasons for this behavior as well
as identifying the cause are essential to any applica-
tions, such as flexible electronics, involving CVD gra-
phene that undergoes stress. Large single domain
graphene grown by CVD was also investigated and
compared. The comparison between two different
polymer substrates are also investigated, the relatively
rigid PMMA, and the highly flexible PDMS exhibit
differing behavior due to interfacial strain transfer to
the graphene.

RESULTS AND DISCUSSION

Synthesis of Flexible Graphene Substrates. To first con-
firm that graphene had been successfully synthesized
and transferred onto the desired polymer substrate,
Raman spectra were taken at the various stages (see
Supporting Information, Figure SI-1). The spectrum of
CVD-grown graphene transferred onto SiO, shows the
characteristic Raman peaks at 2675 cm™' (2D or G/
band) and 1590 cm™' (G band) and a low intensity peak
at 1340 cm ' (D band). The relative intensity and width
of these peaks indicate that the graphene is single-
layer and of high quality.>>** After transfer of the
graphene onto a PDMS substrate, the characteristic
Raman peaks could be detected indicating successful
transfer of graphene, this was also possible for the
graphene on the PMMA substrate. Once graphene has
been successfully attached to a flexible supporting
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Figure 1. (a) Schematic of graphene lattice on PDMS substrate undergoing strain. (b) Raman spectra of graphene on PDMS for
increasing applied tension. Note the opposite shiftin Gand 2D band frequency. Asterisks denote a peak from PDMS substrate.

substrate, the effect of strain on the Raman spectrum
can be observed. Figure 1 illustrates the effect of strain
on the lattice structure of CVD-grown graphene on a
PDMS substrate and the resultant Raman spectra. After
stress is applied the lattice is distorted and the intera-
tomic distance altered, shifting the phonon frequency.
Figure 1b shows the Raman spectra with increasing
strain. There is a clear shift in the frequency of both the
G and 2D bands, with the G band showing a downshift
while the 2D band upshifts. This is unexpected beha-
vior as previous literature using exfoliated graphene
observed that both the G and 2D bands downshift
when the sample is stretched.?***

Since we use a PDMS elastomer substrate with a
high Poisson's ratio (0.5), we expect longitudinal elon-
gation and transverse contraction of the graphene
sample. This asymmetrical strain causes a change in
the graphene hexagonal lattice symmetry. It has been
noted previously that applied tensile strain leads to a
uniformly compressed graphene unit cell.” This result
indicates that the graphene sheet undergoes signifi-
cant lateral compression with uniaxial tension, which
is a unique feature of PDMS rubber. This same com-
pression effect induced by applied tension has been
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observed previously in the literature of graphe-
ne—PDMS composite materials.'® In this previous
work, the authors note that at high applied tension
the Raman peak shift became compressive, and they
attribute this change to the high mobility of PDMS chains
at room temperature leading to lateral compression of
the graphene.'® This is related to the Poisson's ratio of the
PDMS which causes lateral compression when uniaxial
tension is applied. Thus, our observed upshift of the 2D
band is consistent with previous results showing the
compression of graphene on PDMS.

We also observe a significant increase in the peak
width of G and 2D bands, indicative of applied strain
causing a splitting of the phonon bands or/and inho-
mogeneous distribution of strain in the sample which
will be discussed in further detail in what follows. To
gain a better understanding of the peak shift behavior
we increase the strain incrementally on the substrate
and simultaneously measure the shift in Raman peak
frequency and plot this against percentage strain. We
then compare the behavior of both exfoliated and
CVD-grown graphene.

Unlike many previous studies in which the gra-
phene is bent to induce strain, in this work the tension
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Figure 2. Plots of Raman peak shift with applied strain for
CVD-grown and exfoliated graphene on PDMS substrates.
Error bars are one standard deviation: (a) D band, (b) G
band, and (c) 2D band.

is applied longitudinally, along the basal plane. Gra-
phene is significantly more rigid along this basal
direction and the maximum strain that can be achieved
is thus lower, in this work values of around 0.2—0.3%
appear to be the maximum that can be achieved, as
seen in Figure 2. This may be related partly to increased
rigidity of graphene, but also inefficientinterfacial strain
transfer between the polymers and the graphene at
higher strain values.”'®3' Owing to the discrepancy in
the applied strain to the polymer substrate and the
strain exerted on the graphene, the Raman peak shift
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was used to create a calibration curve to more accu-
rately reflect the “real” strain being exerted on the
graphene. It has been shown previously that inefficient
strain transfer between the polymer and graphene can
lead to lower values of strain being exerted on the
graphene than by simply calculating the strain being
exerted on the polymer substrate alone. This method of
creating a calibration curve based on peak shift to find
the “real” strain has also been demonstrated in the
literature. 2* By using the formula given by Mohiuddin
et al. we can calculate the exerted strain based on
Raman peak position shift, as shown in eq 133 Where y
is the Griineisen parameter, Aw is the Raman frequency
shift with applied strain, w, is the Raman frequency with
no applied strain, v is the Poisson's ratio of the substrate
material, and ¢ is the % strain applied to the sample.
Aw

7T 2wl e W
Owing to the excellent strain sensitivity and high signal
intensity of a 2D peak for single-layer graphene, it is an
ideal peak to calibrate the strain. Also the origin of the
2D Raman peak comes from the second-order process
involving two iTO phonons without the need for a
defect. Thus, all strain values shown in this work are
calibrated to the shift of the 2D peak. There is a certain
degree of disagreement in the literature on the exact
value of the Griineisen parameter for the 2D band, with
differing values being reported due to different sup-
porting substrates or calculation methods. In this work
we take the Griineisen parameter for the 2D peak
calculated from first principles by Mohiuddin et al. to
be 2.7.33 Should a more appropriate Griineisen para-
meter be determined for polycrystalline graphene that
takes into account the effect of domain boundaries the
strain calibration can be altered, without affecting the
trends discussed in this work. By calibrating the shift in
Raman peak position the actual strain being exerted
onto the graphene can be known more accurately,
removing the factor of inefficient strain transfer from
the supporting substrate, this then allows us to more
accurately plot the shift of the other Raman peaks. This
gives a slope of —72 cm™'/% for the plot of 2D versus %
strain; this value of slope is dependent only on the
Griineisen parameter used to calculate strain.

Many previous reports into strained graphene ob-
served a splitting of the G peak into two distinct peaks,
named the G* and G~ with analogy to carbon nano-
tubes; however, this distinct splitting was not observed
in this work. Instead a peak broadening was observed,
as the full width at half-maximum (fwhm) of the G peak
increased linearly with applied strain (see Supporting
Information, Figure SI-2). This broadening, instead of
discrete splitting, can be attributed to the lower
strain exerted onto the graphene; typically two distinct
peaks are only able to be resolved above 0.3—0.4%
strain.2%2>283355 Thys, for the results shown here the
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TABLE 1. Slope of Raman Peak Shift for Exfoliated and
CVD Graphene

exfoliated graphene CVD graphene
Raman peak (dw/3e) (em™") (dw/3e) (em™")
D band —251 —25.0
G band —493 411
2D (@) band —723 -723

peak shift here is given for a single G peak. Theoretical
calculations of this peak broadening will be discussed
in more detail later.

Comparison of Exfoliated and CVD-Grown Graphene. As
previously discussed, all previous studies in the Raman
behavior of graphene when undergoing strain have
been focused on the use of large domain exfoliated
graphene. When we compare the strain behavior of
exfoliated graphene to that of CVD-grown graphene
we observe a distinctly different behavior of the slope
of the peak shift with strain, which can be seen in
Figure 2b. When we apply strain to CVD graphene and
plot the peak shifts we observe that the dw/de values
for the 2D band overlay one another as this is the
calibration curve, the D band shift is also very close for
each, however, the for G bands have opposite sign
slopes. The magnitude of dw/de for each sample is
similar, and these are listed in Table 1.

The close match between the D band data for each
sample is to be expected as the frequency is directly
related to that of the 2D band, which is an overtone of
the D band. The opposite signs of the G band observed
for CVD graphene indicate that as the graphene under-
goes phonon hardening, given by the increase in 2D
band frequency, simultaneously the G band is decreas-
ing in frequency or undergoing phonon softening.
When strain is applied to single domain graphene,
phonon hardening and softening occur as a result of
the lattice distortion; however, when polycrystalline
material is strained, several other mechanisms can
occur which include not only tension and compression
but also domain rotation and slippage and these may
be responsible for such a Raman shift. To ensure that
applied strain was not generating defects in the gra-
phene lattice, such as tears or wrinkles, the Ip/Ig ratio
was plotted with increasing strain (see Supporting
Information, Figure SI-3). It was observed that the
In/lg ratio stayed approximately constant with increas-
ing stress, indicating that defects were not being
introduced into the graphene lattice by applying strain.
Note that excessive strain induced the breakage of the
graphene film as well as the polymer substrate so that
the applied strain was set within this limit.

To support the hypothesis that it is the presence of
domain boundaries that causes the unusual Raman beha-
vior seen in polycrystalline graphene, large single-domain
graphene was synthesized by CVD using sputtered
copper on a c-plane sapphire substrate. This has been
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shown previously to produce large hexagon-shaped
domains, due to the optimized growth conditions
(low CH, concentration and high temperature).”®>’
Figure 3a illustrates the resulting hexagonally shaped
graphene domains after transfer onto PDMS, and the
subsequent distortion of the hexagonal shape with
applied strain. The percentage of observed strain,
calculated from the change in size of the hexagon, is
seen to be much higher than that calculated from the
graphene peak shift. This is in agreement that not all
strain is transferred from the substrate into the gra-
phene lattice due partially to increased rigidity of the
graphene and also poor interfacial strain transfer.
Figure 3b shows the resulting Raman spectra from
the large domain graphene with increasing strain,
while Figure 3¢,d shows plots of the peak shift with
applied strain. The graphene produced by this method
consists of a large single domain, in this case the
domain size is approximately 100 um, as opposed to
the 1 um domain size produced on polycrystalline
foil.*° Figure 3c,d clearly shows that both the G and
2D band shift with the same slope, matching the
exfoliated graphene. This strongly supports that it is
the strain present at domain boundaries that causes
the opposite trend in the G and 2D band shift with
applied strain (see Figure 2). However, some damage
to the graphene is caused by the transfer process;
although these point defects do not appear have the
same effect as a domain boundary.

This unexpected behavior appears to be specific to
small domain CVD-grown graphene and not a sub-
strate induced effect. To verify this, CVD graphene was
investigated by Raman on both PDMS and PMMA as
was exfoliated graphene, and in each case exfoliated
graphene followed the expected trend from literature,
independent of the substrate material, while CVD
graphene exhibited the opposite slope for the G and
2D bands (see Supporting Information, Figure SI-4).
When CVD and exfoliated graphene is compared, the
key difference, as has been discussed previously, is that
exfoliated graphene exists as a large single domain while
CVD graphene is created from small individual nucleation
sites that create a large polycrystalline film. These domain
boundaries are the key difference between the types of
graphene being investigated in this work. Previously, it
has been shown using theoretical calculations that the
presence of domain boundaries in CVD graphene can
alter their behavior in nanoresonators, due to the break-
ing of symmetry and introduction of pentagon—
heptagon (5—7) pairs along the boundaries.>® Atomistic
simulations of polycrystalline graphene undergoing
strain have also shown that domain boundaries, parti-
cularly 5—7 pairs, undergo increased strain when com-
pared to the rest of the domain structure.** The
presence of defects in carbon nanotubes under strain
has also been previously investigated on an atomic
scale, and it was found that defective regions undergo
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Figure 3. (a) Optical microscope images of large hexagonal CVD-grown graphene domains after transfer onto PDMS
substrate with increasing applied strain. Percentages are elongation and compression measured visibly by substrate
distortion. (Note the discrepancy between applied strain measured optically and measured strain given by graphene peak
shift.) (b) Raman spectra of large domain graphene with increasing strain showing shift in peak position. (c,d) Plots of Raman
peak shift with applied strain for large domain graphene. Error bars are one standard deviation.

significantly increased strain when compared to defect-
free tubes.®® It was also noted that the curvature of the
tube had little influence, and thus we can apply these
conclusions to graphene. A wide variety of defects can be
present along grain boundaries; including 5—7 disloca-
tions, Thrower—Stone—Wales defects, double penta-
gon—octagon (5—8—5), and various other clusters.>>%°
The presence of these defects has been shown to cause a
blue shift of the Raman G band.®' Extended line defects,
in the form of a domain boundary, can act like an
independent nanowire imbedded within the larger gra-
phene lattice affecting charge transport properties and
Raman spectra.?>%* These previous studies support that
the presence of domain boundaries can indeed signifi-
cantly affect the electronic structure of the graphene.
Theoretical Models. To explain the experimental re-
sults, theoretical calculations were performed to predict
Raman behavior of graphene while under strain. The
details of calculations are described in the Supporting
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Information. In the present tight-binding calculation
method for Raman spectra, effects of domain bound-
aries that may have 5—7 ring pairs and others are not
taken into account, thus the description is limited to the
hexagonal lattice. When strain is applied to the gra-
phene lattice there are changes to the hopping integral
between the neighboring s-orbitals of the carbon atom
which alter the electronic energy bands in the deformed
Brillouin zone. Then, the wave vector of the 2D band
which satisfies the double resonance Raman theory
gives the positive and negative shifts of the 2D peak
as a function of the strain in the longitudinal and trans-
verse directions (¢, and &, see eqs 3 and 4 in the Support-
ing Information). By using the linear energy dispersion
of the electronic band near the K point, we estimate the
shift of the 2D band (see eq 10 in the Supporting
Information). These shifts depend on the orientation
of the applied strain, both longitudinal and transverse.
The distance between one Dirac point and its three
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nearest neighbor atoms in the graphene lattice can be
altered under applied strain, and this causes the splitting
of the 2D band into three separate peaks?” For an
applied strain of ~0.3% we calculate that the 2D peak
splitting should be ~6 cm™, this is consistent with our
experimental observation shown in Supporting Infor-
mation, Figure SI-2.

Owing to the complexity and disorder present
along domain boundaries it is difficult to accurately
predict phonon behavior using theoretical calcula-
tions. There are several possible explanations to under-
stand the cause of the unusual G band behavior of
polycrystalline graphene. As well as the contribution of
domain boundaries and the effect they have on phonon
scattering while undergoing strain there are also con-
tributions from substrate interactions. The interaction
with a flexible substrate through hydrostatic deformation
and shear strain can cause a change in the force constant,
affecting strain behavior.>* By calculating using the same
strain in both the longitudinal and transverse directions,
we estimate the shift of G band using the previous works
discussed by Reich et al.®* by taking into account a linear
correction of the strain to the force constant. The G band
splitting into G* and G~ bands is given by

(5a)Gi

oo = —Aen i% Pes (2)
where dwg.t = Wgt — Wao, W, and we_ are the phonon
frequencies of G and G~ bands, respectively, with strain,
and wgp is the phonon frequency without strain. e, =
& + & is the hydrostatic component of the strain, and
& = & — & isthe shear component of the strain, where
& (&) is the longitudinal (transversal) strain. The coeffi-
cient A is the Grineisen parameter, which describes
the frequency shift under a hydrostatic deformation,
and the coefficient S describes the frequency shift
for a shear strain. The coefficients are estimated as
A =199 and 3 = 0.99 for the G band of graphene under
a uniaxial strain.>

One expects a small hydrostatic deformation for a
graphene transferred onto a flexible polymer sub-
strate, because a two-dimensional area would be al-
most conserved under a strain, which leads a relation
& ~ —¢), therefore ¢, ~ 0 and & ~ 2¢,. For this case,
the G band modification is dominated by the second
termin eq 2, and the peak splits into two, one peak with
hardening and one peak with softening (see Support-
ing Information, Figure SI-5 for the calculated result).
The shift is estimated to be dwgy = + 5 cm™' for
& = 0.3%, this magnitude is comparable to that shown
in Figure 2b of the experimental results.

We can show that the opposite slope of the G band
occurs if the transverse strain is larger than that ex-
pected by the Poisson's ratio. Such a situation may be
possible for a flexible substrate in which we expect a large
shear strain on the substrate with transfer to graphene.
However, if this is the only reason for the G band
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Figure 4. Plots of Raman shift with applied strain for
exfoliated graphene on both PDMS and PMMA substrates
showing compressive and tensile behavior: (a) 2D band and
(b) G band. Error bars are one standard deviation.

behviour, this effect should appear for a large single
domain graphene, which does not adequetly explain the
observed experimental results. We should consider the
strain at the domain boundary and phonon frequency as
a future subject of study. It should be noted that if we
stretch, for example, a seven-member ring, we expect a
large transverse strain.** Although we need a further theo-
retical investigation for the phonon frequency for five- and
seven-member rings, as the geometical structure at the
domain boundary has not been well determined yet.
Strain Induced by PMMA and PDMS. The interfacial stress
transfer between graphene and a polymer substrate
can affect the exerted stress experienced by the gra-
phene. Figure 4 shows the calibration curve for the 2D
peak along with the measured G peak shifts for ex-
foliated single-layer graphene on both PMMA and
PDMS substrates. The large offset at zero applied strain
is mainly caused by substrate induced prestrain due to
interactions between the polymer and graphene layer
during synthesis/transfer. This prestrain is believed
to be caused primarily by the curing of the polymer
substrate in contact with the graphene as well as some
residual strain due to the crystal lattice offset of the
copper foil. There is also slight strain exerted onto the
sample during the loading procedure into the experi-
mental strain rig. When strain is applied to the graphene
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on a PMMA substrate a decrease in peak frequency
occurs with increasing strain, and this is defined as
positive strain. This positive strain indicates tension is
being applied to the graphene lattice. However, when
strain is applied to the graphene on a PDMS substrate
an increase in peak frequency is observed, defined as
negative strain (see Figure 1). The cause of this compres-
sion can be attributed to the mechanical properties of the
polymer substrate. In the case of PMMA, the Poisson's
ratio is 0.37 while PDMS has a higher value of 0.5,
indicating that while the PDMS sample is undergoing
tensile strain there is significant compression perpendi-
cular to the direction of applied strain.'*®> As discussed
previously, the use of PDMS causes an asymmetrical
strain to be exerted onto the graphene leading to a
breaking of symmetry within the graphene crystal lattice.

The magnitude of the slope for the G band fre-
quency shifting with strain (dw/de) in Figure 4 is
—36 cm ™ '/% and —49 cm ™ '/% for PMMA and PDMS,
respectively. This value for PMMA matches closely
those reported in the literature previously for graphene
under tension, with an approximate average litera-
ture value of —33 cm™'/%.2527-2830333566 However,
the value of —49 cm™'/% for PDMS is higher than the
values typically reported, and this indicates an in-
creased sensitivity to strain when using PDMS as the
supporting substrate. This is logical with the previous
observation that the graphene is undergoing simulta-
neous compression and tension due to the materials
properties of PDMS, leading to the biaxial stress with
applied uniaxial strain. It has also been noted previously

METHODS

Flexible Graphene Substrate Production. Single-layer graphene
was prepared by two methods: First by mechanical exfoliation
of graphite (highly oriented pyrolytic graphite, STM-1 grade,
Advanced Ceramics Corporation, USA) by the adhesive tape
method as has been well documented previously,67 and sec-
ond, by an atmospheric CVD process on copper foil that has
also been reported previously.* Briefly, copper foil (Alfa Aesar,
25 um thick, 99.8% purity) was placed into a tube furnace with
a 26 mm ¢ quartz tube and annealed under a hydrogen
(20 sccm) and argon (800 sccm) atmosphere at 1000 °C for
60 min, followed by graphene growth using methane (0.5 sccm)
as the carbon source for 10 min. This method has been shown
to produce large area films of single-layer pristine graphene,
the quality of which was verified using Raman spectroscopy
prior to any further experiments (see Supporting Information,
Figure SI-1). To produce the substrates for strain analysis exfo-
liated graphene was transferred onto a precured PDMS (Sylgard
184 Elastomer Kit, Dow Corning, USA) substrate that was then
strained using a custom uniaxial strain rig (for further details
see Supporting Information, Figure SI-9). For exfoliated graphene
on PMMA a similar method was used, whereby graphite was
exfoliated and then transferred onto a Si/SiO, wafer before liquid
PMMA (4% in toluene, MW = 960 000) was spin coated on top and
cured. After curing the PMMA/exfoliated graphene was peeled
off. In the case of CVD-grown graphene, after growth on the
copper foil liquid PDMS or PMMA was spin coated and cured
before removing the copper foil in aqueous 1 M FeCls, leaving the
cured PDMS/PMMA with the attached graphene layer.

BISSETT ET AL.

that the values of dw/de are nonlinear when moving
from compression to tension and this changing slope
when in the compressive regime may also explain the
discrepancies between the measured values on PMMA
and PDMS.>>%

CONCLUSIONS

We have shown here that the Raman spectrum of
polycrystalline graphene synthesized by CVD behaves
distinctly different from large domain exfoliated gra-
phene under applied mechanical strain. The anoma-
lous Raman behavior was found to be specific to
polycrystalline CVD graphene and was independent
of the flexible polymer substrate used to transfer the
strain. This strain caused an unusual shift in the G band
of the Raman spectra, and has been attributed to the
presence of domain boundaries, presumably 5—7
atomic pairs, formed in the CVD growth procedure.
Theoretical modeling suggests that large shear strain
present due to these domain boundaries may be
responsible for the unexpected Raman shift observed.
However, due to the complexity and wide variety of
defects present at domain boundaries it is difficult to
accurately model the electronic conditions while un-
dergoing strain and further work is still needed to fully
explain both the geometry and the electronic structure
effects of domain boundaries in polycrystalline gra-
phene. Itis essential to understand these effects on the
electronic structure that such grain boundaries have
when wide-scale application of CVD graphene, such as
flexible electronic displays, is realized.

Large-Domain Graphene Substrate Production. A copper film
(500 nm thickness) was deposited onto a c-plane sapphire
substrate (Kyocera, Japan) with a power of 300 W in an argon
atmosphere (0.6 Pa) by radio frequency (RF) magnetron sput-
tering (Shibaura Mechatoronics Corp., CFS-4ES, Japan). For the
growth of graphene, the substrate was heated in a quartz tube
and annealed for 40 min under ambient pressure with a gas flow
of H,/Ar (concentration of H, is 2.5%) at 1000 °C then increased
to 1075 °C over 20 min. Graphene growth is then undertaken
by introducing CH, and Ar gas (CH,4 = 10 ppm, H, = 2.25%) for
20 min. Finally, the sample was rapidly cooled down to room
temperature. For transfer onto flexible substrates, PDMS resin
was spin coated onto the graphene and cured before dissolving
the copper layer in aqueous 1 M FeCl; leaving the large domain
graphene attached to the PDMS substrate.

Raman Spectroscopy Measurements. Analysis was performed
using confocal Raman spectroscopy (Nanofinder 30, Tokyo
Instruments, Japan) using a laser excitation wavelength of
532 nm with a power of 5 mW and a 100x objective with a
numerical aperture of 0.9 and a standard grating (600g/mm).
A high resolution grating (1200g/mm) was also used in an
attempt to resolve Raman peak splitting, although similar
spectra were obtained.
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