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We report a Raman mapping investigation of strain effects on graphene on transparent and flexible substrate.
Raman mappings reveal a significant red-shift of the 2D mode with introduction of tensile strain, distribution
of local strain in the strained graphene, and immediate recovery after strain relaxation. The systematic fitting
and statistical analysis quantify the tensile strain sensitivity of graphene, which is comparable to the single-
walled carbon nanotubes (SWNTs) and implies the potential of graphene as an ultrasensitive strain sensor.
The uniaxial strain will break the sublattice symmetry of graphene, hence changing its electronic band structures,
for example, bandgap opening. This suggests the potential to desirably tune electronic band structures of

graphene by controllably introducing strain.

Introduction

Graphene, a new candidate of carbon family that consists of
only one plain layer of atoms arranged in a honeycomb lattice,
has attracted intensive interest since it was discovered.! Due to
its special properties like the unusual energy dispersion relation,
the low-lying electrons in single-layer graphene behave like
massless relativistic Dirac fermions, graphene exhibits many
unique properties such as quantum spin Hall effect,” phase
coherent transport,® suppression of the weak localization,* and
deviation from the adiabatic Born—Oppenheimer approxima-
tion.> These properties make graphene an ideal sample for both
fundamental studies and practical applications.

Graphene can be obtained by mainly two approaches:
mechanical exfoliation of graphite! or thermal graphitization
of a silicon carbide (SiC) surface.®” The most common substrate
used in the former method is Si with 300 nm thick SiO,, as it
offers very good optical contrast between the graphene and the
surrounding!® and also is a suitable substrate for device
fabrication.” To date, very few works® report graphene on
transparent and flexible substrates, while its counterpart, carbon
nanotubes (CNTs), has been successfully deposited and even
grown on several kinds of such substrates.!® The success of
building up devices on plastic significantly enriches the ap-
plications of CNTs for nanoelectric applications. Meanwhile,
the plastic substrate with excellent flexibility could function as
a unique platform to reveal more properties of CNTs. For
example, the behavior of single-walled carbon nanotubes
(SWNTs) under uniaxial strain has been systematically studied
by resonance Raman scattering.!! The results clearly demonstrate
the ability of SWNTs as an ultrasensitive strain sensor. In this
Letter, we report a resonance Raman mapping investigation of
graphene on transparent flexible substrate. The tensile strain
sensitivity of the 2D band of graphene has been obtained for
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the first time, and it is found to be comparable to that of SWNTSs,
indicating its potential as an ultrasensitive strain sensor.
Moreover, the uniaxial strain on graphene may change its
electronic band structures, for example, bandgap opening, which
suggests the potential to desirably tune electronic band structures
of graphene by controllably introducing strain. This could be
very helpful and important for developing graphene based
electronics. Nonuniform local strain distribution is also revealed
by Raman mapping. This calls for extreme caution when we
develop graphene devices, especially strained graphene, as the
local electronic structure might differ from one region to the
other.

Experimental Methods

The graphene sample was obtained from highly ordered
pyrolytic graphite (HOPG, Structure Probe, Inc./SPI Supplies)
by mechanical cleavage on polyethylene terephthalate (PET)
film of thickness 0.11 mm. Tensile strain was introduced to
graphene sheets on the top surface of PET film by bending the
PET film. As shown in Figure la, the amount of strain is
determined by dividing the increase in length of the strained
top surface (highlighted by the red dashed line) by the unstrained
length (blue dashed line). Here, we assume the thickness of PET
film remains unchanged and no strain presents at the middle
level (blue dashed line) of film during the bending process. The
Raman spectra were carried out with a WITEC CRM200 Raman
system. The excitation source is 532 nm laser (2.33 eV) with a
laser power below 0.1 mW on the sample to avoid laser induced
heating. A 100x objective lens with NA = 0.95 was used in
the Raman experiments, and the spot size of the 532 nm laser
was estimated to be 500 nm. To obtain the Raman images, a
piezo stage was used to move the sample with a step size of
300 nm and a Raman spectrum was recorded at every point.
The spectra were analyzed, and Raman images were then
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Figure 1. (a) Schematic diagram showing the flat and bent PET
substrates. (b) Raman spectrum of graphene on PET. The insets show
an optical image (left) and integrated Raman intensity image (right) of
the 2D band. The scale bars are 10 um (optical) and 2 um (Raman)
respectively.

constructed using a parameter (peak frequency, peak intensity,
integrated peak intensity, or peak width) by using WITec Project
software.

Results and Discussion

Figure 1b shows the Raman spectrum of graphene on PET.
The Raman fingerprint 2D mode of the single-layered graphene
sample, a sharp (~30 cm™!) and symmetric peak at around 2680
cm™!, clearly presents. Unfortunately, the G mode of graphene
overlaps with a strong peak from PET and appears as a weak
shoulder. In this work, we focus on the 2D mode of graphene,
which has been detailed by Ferrari as the result of a double
resonance (DR) process and the special electronic band structure
of graphene.'?> The insets are the optical (left) and Raman
integrated intensity image (right) of a single-layered graphene
sample. The optical contrast between graphene and PET is very
poor as compared to that of Si/SiO, substrate. By extracting
the integrated intensity of the 2D mode, the Raman image of
the graphene is obtained and clearly shows the dimension of the
graphene. Careful examination of the Raman spectra confirms
that the entire piece is made of single-layered graphene.®

Figure 2a presents the Raman images of unstrained (al),
strained (a2—a5), and relaxed (a6) graphene by extracting the
frequency of the 2D mode. By bending the PET, a strain of
0.21% (a2), 0.36% (a3), 0.47% (a4), and 0.56% (a5) was
achieved. The range of contrast scale of ALL Raman images
has been fixed within the same range of 2670 (dark)—2705 cm™!
(bright). As reported previously,'? even within the same piece
of graphene, the frequency of the 2D mode could differ from
one region to the other. This variation is clearly indicated by
the frequency distribution in the Raman image (al). Comparing
the distribution of the 2D mode frequency (al) to the peak width
of this mode (Figure 3al), the low correlation between these
two parameters indicates that the nonuniformity of the 2D mode
frequency of the unstrained graphene is mainly due to unin-
tentional local doping.'* With an increase in tensile strain
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Figure 2. Raman images of (al) unstrained graphene, (a2—a5) strained
graphene, (a6) relaxed graphene by extracting 2D mode frequency. The
bending/strain is in the horizontal direction. (b) Mean of the 2D mode
frequency from the entire graphene as a function of strain. The error
bars are the standard deviations. The data point in green is from the
relaxed graphene. The inset shows the interested area subjected to the
statistical analysis. Scale bar = 2 um.
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Figure 3. Raman images of (al) unstrained graphene, (a2—a5) strained
graphene, (a6) relaxed graphene by extracting 2D mode width. (b) Mean
of the 2D mode line width from the graphene as a function of strain.
The error bars are the standard deviations. The data point in green is
from the relaxed graphene. Scale bar = 2 um.

(a2—a5), the Raman peak of the 2D mode shows a universal
red-shift over the entire strained graphene, as reflected by the
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increment of darkness. With careful observation of the contrast
in the Raman image of the most strained graphene here (a5),
we noticed that the strain distribution is not perfectly uniform.
The nonuniformity might be due to the contact, and conse-
quently, the van der Waals force between the graphene and PET
differs from region to region. Such ununiformity calls for caution
on developing graphene electronics on substrates, especially
when strain exists. More interesting and importantly, when the
strain is released, the Raman image (a6) reverses back and shows
a similar image as the original one (al). Experimentally, we
also noticed the graphene is able to recover immediately once
the strain is released, while the CNTs need to take over 1 week
because of slippage.!”> Such reversible and quick recovery
property demonstrates the excellent elasticity of graphene, which
might be critical for the practical applications.

To further quantify the tensile strain of graphene and the
nonuniformity, the Raman spectra of the 2D mode from the
same region of unstrained, strained, and relaxed graphene were
fitted. To provide information on the pure strain effect, the
region without doping is used for analysis, as highlighted in
the inset of Figure 2b. The mean frequencies of the 2D mode
were plotted as a function of strain, and the standard deviation
was employed as errors (Figure 2b). A linear dependence of
the 2D mode frequency on the strain is presented. The tensile
strain causes a significant downshift of the 2D mode. The slope
of the linear fitting line indicates the tensile strain sensitivity
of graphene. It is —7.8 cm™!/%, much bigger than that of Cg
(—0.13 cm™'/%) or multiwalled carbon nanotubes (MWNTSs)
(—0.48 cm™'/%) and comparable to that of SWNTs (—7.9 cm™!/
%).'* We have totally tested five samples. All of the samples
show strain induced red-shift of the 2D band, and the strain
coefficient differs from 5 cm™! to 15 cm™!/%. The high strain
sensitivity of graphene successfully demonstrates its potential
as an ultrasensitive strain sensor that is better than offered by
MWCNTSs.!'! Once the strain is released, the 2D shifts upward
and almost back to the original position, indicating the well
strain reversibility of graphene. The small frequency difference
(~1 cm™!) between the unstrained and relaxed sample might
be because the PET substrate is not fully relaxed to the original
position, and hence there is a small strain residue on the relaxed
graphene. The Raman images constructed using the 2D mode
peak width (full width at half-maximum) is shown in Figure
3a. Different from the 2D frequency, there is no obvious
bandwidth distribution over the entire unstrained graphene.
Moreover, the tensile strain shows no significant effects on the
2D mode width. The fitting and statistical analysis (Figure 3b)
also confirm the weak dependence of 2D width on the strain.

The theoretical ab initio and tight binding calculations have
predicted large changes in the electronic band structure of
SWNTs upon application of strain,!’~!° due to the change
of the circumferential quantization vector. However, there
is no quantization vector in a graphene sheet. Most recently,
the band structure of graphene has been successfully engi-
neered by two probes: introducing graphene—substrate
interaction and graphene—dopant coupling.?’ Similarly, in
this work, we propose that the unaxial strain might distort
the sublattice and eventually break the A—B symmetry of
graphene, which could effectively change the electronic band
structure of graphene, for example, opening a bandgap.
Therefore, the strained graphene may provide an alternative
way to controllably tune the band structure of graphene. In
the previous work, we also observed strain in epitaxial
graphene’ as well as graphene after deposition of a SiO, layer
and annealing.?! The strain in those cases is biaxial, which
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Figure 4. (a) Mean of the 2D mode frequency from the edge of
graphene as a function of strain. The error bars are the standard
deviation. The inset shows the interested area subjected to the statistical
analysis. The scale bar is 2 um. (b) The mean of the 2D mode line
width from the corresponding edges as a function of strain. The data
points in green are from the relaxed graphene.

is the difference from the uniaxial strain in the current work.
Garcia-Sanchez et al. also observed the existence of non-
uniform strain on graphene prepared by micromechanical
cleavage.?

A good understanding of the edge of graphene is critical in
both the fundamental study and practical applications.?®* For
example, the two possible (perfect) terminations in graphene,
zigzag and armchair, may substantially alter the energy proper-
ties of graphene, as zigzag edges support localized states while
armchair edges do not. To reveal the strain effects on the edge
of graphene, the Raman spectrum of the 2D mode from the
edge of graphene was fitted and statistically analyzed. As shown
in Figure 4a and b, the tensile strain results in a downshift of
2D frequency while the width does not change too much. The
relatively bigger error bars here could be due to the unintentional
involvement of the background information into the statistical
data sample during the data selection process. Unexpectedly,
the edge does not show any special strain effects, although the
bonding there should be significantly different to that at the main
body of graphene. This might be because the edge is confined
in only a few nanometers, which contributes little to the total
signal we obtained (the laser spot size is ~500 nm). Further
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Raman studies with higher resolution, such as near field Raman
spectroscopy, will be carried out on the edge study.

Conclusion

In summary, single-layered graphene samples have been
successfully deposited on transparent flexible substrate. The
elastic polymer substrate allows the strain to be varied in a
controllable and reversible fashion and facilities the systematical
study of the strain effects on graphene. Raman mapping of the
unstrained, strained, and relaxed graphene reveals that graphene
is very sensitive to the tensile strain and has very good strain
reversibility. Our results also directly show the nonperfect
uniformity of strain distribution on graphene. The tensile strain
sensitivity (—7.8 cm™!/%) of graphene is further quantitatively
obtained by fitting the data resulting from the graphene without
unintentional doping, which is comparable to that of SWNTs
and implies the potential of graphene as an ultrasensitive strain
sensor, and even being better than a CNT sensor considering
the instant recovery of graphene. Finally, we propose that
uniaxial strain on graphene may change the band structure of
graphene, such as introducing a bandgap opening, which is
essential to its device application.
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