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ABSTRACT: Graphene is a promising material for strain engineering
based on its excellent flexibility and elastic properties, coupled with very
high electrical mobility. In order to implement strain devices, it is
important to understand and control the clamping of graphene to its
support. Here, we investigate the limits of the strong van der Waals
interaction on friction clamping. We find that the friction of graphene on
a SiO2 substrate can support a maximum local strain gradient and that
higher strain gradients result in sliding and strain redistribution.
Furthermore, the friction decreases with increasing strain. The system
used is graphene placed over a nanoscale SiO2 grating, causing strain and
local strain variations. We use a combination of atomic force microscopy
and Raman scattering to determine the friction coefficient, after
accounting for compression and accidental charge doping, and model
the local strain variation within the laser spot size. By using uniaxial
strain aligned to a high crystal symmetry direction, we also determine the 2D Raman Grüneisen parameter and deformation
potential in the zigzag direction.
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The measurements over a decade ago of graphene’s
remarkable electronic structure1 has opened new exciting

areas of research with graphene and other 2D materials and the
possibility of flexible electronics.2,3 The mechanical properties
of graphene are also outstanding. The strong carbon−carbon
bond makes it as stiff as diamond with a similar Young’s
modulus, whereas the high perfection of the lattice yields a
remarkably high elastic region of over 20% bond elongation.4

These properties, combined with the remarkably high mobility
of graphene Dirac Fermions, have inspired several strain
engineering proposals5 and devices, such as confinement and
electron beam collimation in 1D channels,6 changing the
electronic structure for graphene supported on pillars,7 opening
of an energy bandgap in strain superlattices,8 and the
generation of strain-induced pseudomagnetic fields with
resulting Landau level quantization.9,10 For such strain devices
as well as graphene membrane resonators,11,12 it is important to
have strong clamping boundary conditions. Hence, the friction
is of importance, an area starting to be addressed both
theoretically13 and experimentally.14−16 The strong van der
Waals forces17 and the flexibility of graphene produce good
conformation even to a microscopically structured surface like
SiO2,

18 which provides reasonably good frictional force that is

able to clamp graphene in place. However, in some cases it is
also possible to envision the benefit of low friction, for example,
to allow graphene to slide in order to prepare well conformed
and strain free corrugated graphene for terahertz generation via
cyclotron-like radiation.19

In previous work14 using pressurized suspended graphene,
we reported that graphene slides under radial strain and that
the friction coefficient can be determined and is strain
dependent. In this study we investigate the interplay between
uniaxial strain, friction, and sliding/clamping of graphene and
find that there is a maximum strain variation per length (Δε/L)
that can be sustained for a given friction and that the friction
decreases inversely with strain. The upper limit on (Δε/L) is
caused by graphene sliding, which lessens strain variations.
Here, uniaxial strain is created in graphene transferred to a
sinusoidal SiO2 grating and adjacent flat area, which is held in
place by van der Waals forces. The grating induces uniaxial
tensile strain because of its longer surface length along the
corrugation (relative to a flat region of equal extent), such that
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when flat graphene is deposited onto the grating, it needs to
elongate to conform to the underlying structure. The friction as
a function of strain on the grating is the same as on the flat
substrate, indicating that the gentle grating corrugation does
not affect the friction. We use atomic force microscopy (AFM)
to determine the physical corrugation of the graphene on the
grating, which gives a geometric estimate of the average strain
based on the length of the sinusoidal shape assuming no sliding.
In the Raman data analysis, the 2D and G bands are first used
to separate the strain and charge contributions to the peak
positions20−24 and then to determine the strain and the strain
dependent friction coefficient. We find a finite strain gradient
region between the flat surface and the grating and a weakly
varying strain over the grating area. Furthermore, the average
strain in the grating region is found to be lower than the
aforementioned geometric estimate. These results indicate that
the strain gradient is limited by the friction and that graphene
slides into the strained region, reducing the average strain.
Using an elastic model and the local strain and strain gradient,
we then evaluate the friction between graphene and SiO2 for
single and double layer graphene and obtain a coherent picture
of decreasing friction with increasing uniaxial strain. The
friction can support a maximum local strain difference, with
higher strain gradients resulting in the observed sliding and
strain redistribution. An upper bound of the local strain
variation within the laser diffraction limited spot is determined
from the G− band line width, which matches well with the
result from the elastic model. Furthermore, by using uniaxial
strain aligned to a high crystal symmetry direction, we also
determine the 2D Raman Grüneisen parameter and the shear
deformation potential in the zigzag direction. Other findings
from our measurements are the compression of graphene on
flat SiO2 (ε = −0.11 ± 0.02%), as well as the degree of spatial
variation in the accidental charge doping, 2−4 × 1012 cm−2 on
the flat SiO2 and <1012 cm−2 on the grating.
To achieve a sinusoidal substrate grating profile, A0sin(2πx/

Λ0), we introduce a novel wet etch and two-step thermal-
growth fabrication process. A schematic view of this process is
shown in Figure 1. A Si(100) surface is first patterned by
electron beam lithography with Cr stripes of width W = (Λ0/2)
− 2A0sin(54.74°) repeated with periodicity Λ0. A highly
anisotropic wet etch in KOH is then used to produce a periodic
pattern of trapezoidal ridges with ⟨111⟩-oriented sidewalls.25

Next, the sample is thermally oxidized for 5 h at 1100 °C, and
as a result, the buried Si/SiO2 interface develops a smooth,
highly rounded morphology (which is attributed to different
oxidation rates near the sharp corners of the Si ridges26). In
particular, with the aforementioned choice for the Cr stripe
width W, we obtain a highly sinusoidal grating, as revealed by
AFM imaging. Finally, a second thermal growth is performed in
order to coat the corrugated Si surface with a (280 nm thick)
conformal SiO2 layer. The specific grating samples used in this
work have period Λ0 = 400 nm and peak-to-peak amplitude 2A0
= 55 nm. The microscopic roughness on the flat and corrugated
substrate is typical for SiO2, 0.2−0.4 nm RMS.
Single-layer mechanically exfoliated graphene is then

deposited onto the sinusoidal grating by a pick-and-place
transfer method. A schematic view of this graphene deposition
method can be seen in the Supporting Information, Figure S1.
Graphene is first exfoliated onto a layer of the water-soluble
polymer polyvinylpyrrolidone (PVP) deposited on a Si
substrate, with thickness optimized for color contrast to aid
optical visualization. A transparent polydimethylsiloxane

(PDMS) block with a thermal release layer of methyl
methacrylate (MMA) is then attached to the PVP film over
the graphene. After dissolving the PVP in water, the graphene
layer is picked up by the PDMS block, which can be
manipulated with a standard translational stage under a
microscope. With this setup, the graphene layer is then aligned
and released onto the grating region by pressing it against the
substrate and heating the sample to 100 °C, beyond the glass-
transition temperature of MMA. Standard cleaning by acetone
and deionized water is finally applied. This transfer technique is
similar to other reported methods.27

As shown in Figure 1f, the graphene sample transferred to
the grating and described in the following consists of two
adjacent flakes, with the long edge of the larger flake aligned
perpendicular to the grating lines. Both flakes have similar
lattice orientation and strain behavior. Polarized Raman data
(Supporting Information, Figures S3 and S9) show that the
strain induced in these two flakes is uniaxial along a direction at
an angle φ = 5.0° ± 0.3° and 3.5°, respectively, with the zigzag
lattice direction. These angles are sufficiently small so that we
can treat the strain as aligned with the zigzag direction in the
subsequent data analysis.
The graphene has been profiled with AFM to measure its

conformation to the grating. Comparison between the optical
image of Figure 2a and the AFM map of Figure 2c shows that
the sample regions imaged in the lighter blue color correspond
to graphene with an average sinusoidal corrugation amplitude
2A ∼ 20 nm, with variations from 18 to 25 nm. The dark lines
correspond to regions where graphene is partially suspended

Figure 1. Schematic illustration of the wet etch and two-step thermal-
growth process used for fabricating sinusoidal SiO2 gratings, and
optical images of the graphene sample studied in this work before and
after transfer to a grating. (a) Silicon substrate after electron beam
lithography and anisotropic KOH etch. (b) Grating sample after the
first thermal oxidization step leading to the formation of a smooth Si/
SiO2 buried interface. (c) Grating sample after SiO2 removal with HF
to reveal the sinusoidal surface corrugation. (d) Grating sample after
the final thermal oxidization growth. (e) Graphene flakes on PVP/Si
substrate before transfer. (f) Graphene flakes after transfer to a grating.
The grating and Raman mapping regions are indicated by the dashed
boxes.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b02107
Nano Lett. 2015, 15, 5969−5975

5970

D
ow

nl
oa

de
d 

by
 B

O
ST

O
N

 U
N

IV
 o

n 
Se

pt
em

be
r 

10
, 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 A
ug

us
t 4

, 2
01

5 
| d

oi
: 1

0.
10

21
/a

cs
.n

an
ol

et
t.5

b0
21

07

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02107/suppl_file/nl5b02107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02107/suppl_file/nl5b02107_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b02107


with ∼5 nm height variation. We note that a molecular
dynamics simulation of flat graphene films deposited onto a
corrugated surface28 finds very similar attachment patterns. In
these calculations, regions of partially suspended graphene are
found in between well conforming sections for similar ratio of
period to amplitude of the grating ((Λ0/(A0) = 14.5), albeit
with order of magnitudes smaller dimensions.
As the graphene flake is deposited onto the grating, we can

imagine a flat sheet first attaching to the top of the grating lines
without any induced strain. Assuming perfect clamping, further
adhesion would result in an elongation of the sheet by the
amount ΔL ≈ (πA)2/Λ per period, with maximum strain at the
location of the troughs. Thus, instead of having a uniform
average value ε ̅, the strain in each period would vary
sinusoidally between 0 at the top and 2ε ̅ at the bottom of
the grating. The strain difference per unit length is then given
by ((Δε)/(Δx)) = 2ε/̅(Λ0/2) (Supporting Information, Figure
S6). Using the AFM line profiles, such as the example shown in
Figure 2d, we can estimate the average strain ε ̅ from the period
Λ0 and amplitude A of the graphene corrugation, that is, ε ̅ =
ΔL/Λ0 ≈ (πA/Λ0)

2. Using the average measured graphene
amplitude 2A = 20 nm, we find ε ̅ = 0.62%, whereas the
minimum and maximum corrugation values of 18 and 25 nm
result in a geometrical strain of 0.5 to 0.9%, respectively. On the
basis of the same analysis, the graphene regions in the dark lines
of Figure 2a are expected to have a lower average strain of
∼0.15%.
The 2D Raman mapping in Figure 2b shows the strain

variations between different areas, and how they correspond to

the degree of conformation. Note that the highly conformed
graphene is less strained than the geometric approximation,
whereas the graphene in the dark region is more strained than
expected. Both observations are consistent with a picture of
graphene partially sliding over the grating, causing a
redistribution and homogenization of the induced strain.
Graphene on the flat silicon dioxide substrate is determined
from the analysis below to be compressed by 0.11% (yellow
color). Furthermore, there is a ∼ 3 μm wide transition region
on the flat substrate next to the grating where the 2D peak
rapidly downshifts. These results demonstrate that the van der
Waals forces are not strong enough to fully clamp the graphene
on the flat area and that graphene close to the grating is sliding
inward. We obtained similar result for pressurized graphene
over small chambers.14 The strain value stabilizes after the first
grating period. This result was observed on all samples studied
(Supporting Information).
Before using the Raman G− peak position and G− line width

to analyze the strain and strain distribution in more detail, we
need to disentangle strain contributions to line width and peak
shifts from those due to charge. It is well known from transport
studies that standard transfer techniques of graphene to SiO2
substrates causes substantial accidental p-doping,29 which also
shifts the G and 2D peaks.20,21,23 We use the relationship
between the 2D and G peak positions to graphically and
statistically separate charge and strain contributions by
analyzing the slope of the 2D versus G data.24

For this purpose, Raman data were acquired using a 532 nm-
wavelength linearly polarized laser. Figure 3 shows the

Figure 2. Graphene flake on a SiO2 grating. Scale bar: 10 μm. (a) Optical image. (b) Map of Raman 2D-band peak center position. (c) AFM height
map. (d) AFM line scan. The darker regions in (a) correspond to grating lines with partially flat graphene, as can be clearly seen in (d). The red and
green boxes correspond to regions of good conformation and partial suspension, respectively.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b02107
Nano Lett. 2015, 15, 5969−5975

5971

D
ow

nl
oa

de
d 

by
 B

O
ST

O
N

 U
N

IV
 o

n 
Se

pt
em

be
r 

10
, 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 A
ug

us
t 4

, 2
01

5 
| d

oi
: 1

0.
10

21
/a

cs
.n

an
ol

et
t.5

b0
21

07

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02107/suppl_file/nl5b02107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02107/suppl_file/nl5b02107_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b02107


correlation between the 2D and G band peak centers at
different locations on the sample. The blue data points are from
graphene on the flat area outside the grating, and the red points
are from the grating area of sinusoidally conformed graphene
with the laser light polarized along the strain direction. The
green points are from the partially conformed graphene (the
dark lines in Figure 1a) with the laser polarization
perpendicular to the strain direction. It is apparent from Figure
3 that there are qualitatively different behaviors in the grating
and flat substrate. The data points from the strained graphene
(red and green) fall tightly along steep lines with slopes S±,
whereas the data points from the flat graphene (blue) are
clustered with a lower slope SQ. Following the analysis from
Lee et al.,24 any point away from the intrinsic value (ωG0

,ω2D0
)

can be decomposed into a strain vector and a charge vector, so
that a point (ωG,ω2D) can be assigned with separate charge and
strain components. As explained in the following, the higher
slopes S± are associated with strain variation, and the lower
slope SQ with charge variation.
The two straight lines of slopes S± intersect at (ωG0

,ω2D0
) =

(1581.9 cm−1, 2671.5 cm−1), which we take as the zero-strain
G-band Raman peak position (triangle pointing up). This is
very close to the adjusted value found on suspended
graphene,24 (Supporting Information section 4.3) (ωG0

′,ω2D0
′)

= (1581.6 ± 0.2 cm−1, 2669.9 ± 0.7 cm−1), also indicated in the
figure (error bar below (ωG0

,ω2D0
)). The linear fits to the data

give slope S− = 2.07 ± 0.36 and S+ = 1.33 ± 0.14. Our
measured value of S− is similar to the strain slope reported
earlier24 (S = 2.2), although the sample configuration here is
different. In particular, in the work by Lee et al.24 the strain and
compression slope was given by an average of randomized
strain and polarization directions, which did not allow for a
direct comparison between measured and calculated values.
The data from the flat substrate has more spread, but it is clear
that the slope is lower, SQ = 0.37 ± 0.28. The larger relative
uncertainty of SQ is due to the larger spread of the blue points,

indicating that there are both local charge and compression
variations of comparable magnitude on the flat substrate,
similar to previous results.24 We also note that SQ here is
substantially lower than the value SQ = 0.75 obtained by Lee et
al.,24 but they were considering significantly higher doping
levels. To explain this difference, we use the measurements by
Das et al.23 on monolayer graphene on SiO2 to extract the 2D
peak shift with charge, combined with the known G band
variation with charge.23 The G band shift with charge is linear
for |EF| > ((EωG)/2) = 0.1 eV or n > 0.6 × 1012 cm−2, whereas
the 2D band varies linearly with charge up to ∼6 × 1012 cm−2,
above which the slope increases sharply.23 Hence, for the
regime [0.6−6] × 1012 cm−2, the charge vector (ΔωG, Δω2D)Q
is linear, and we extract a slope SQ = 0.25 (Supporting
Information, Figure S8.) This is close to our measured value
(0.37 ± 0.28), especially considering the uncertainties in the
extracted slope from the aforementioned published data23 and
the uncertainty in determination the charge slope discussed
above.
The origin of the two strain slopes S± is related to the

splitting of the two 2D± components under uniaxial strain
along a high symmetry direction of the lattice.30 In our sample,
the strain and zigzag directions are closely aligned (within 5°),
and therefore, we can expect a visible split of the two 2D±

Raman peaks. The two polarization directions of the laser light
used in our measurements (parallel and perpendicular to the
strain and zigzag direction) select the two different 2D±

components. In particular, only the 2D− component is selected
when the polarization is parallel to the strain and zigzag
direction, P∥ε∥zz. This is the case for the red data points of
Figure 3, and therefore, the corresponding slope is named S−.
Vice versa, when the polarization is perpendicular to the strain
and zigzag direction, P⊥ε∥zz, only the 2D+ peak component is
selected, which is the case for the green data points. Because no
polarization analyzer is used after the sample, both G±

components are collected with equal intensity (see Supporting
Information) and we obtain their average shift, which can be
computed as ΔωG = −ωG0

γGεx(1 − |v|) = −25.1εx(cm−1/%).

Here we have used graphite’s Poisson ratio ν = −0.16, and our
previously determined G-band Grüneisen (and shear deforma-
tion) parameters14 γG = 1.89 and βG = 0.70, with corresponding
linear shift rates for uniaxial strain of ((∂ωG+)/(∂ε)) = −18.7
(cm−1/%), and ((∂ωG−)/(∂ε)) = −31.5 (cm−1/%).
Using the measured slopes S± we can then extract the shift

rates for the 2D+ and 2D− bands versus uniaxial strain along the
zigzag axis:((∂ω2D

+)/(∂ε)) = S+·((∂ωG)/(∂ε)) = −(1.33 ±
0.14)·25.1(cm−1/%) = −33.4 ∓ 3.6(cm−1/%) and ((∂ω2D

−)/
(∂ε)) = S−·((∂ωG)/(∂ε)) = −(2.07 ± 0.36)·25.1(cm−1/%) =
−52.0 ∓ 8.9(cm−1/%). From these values, we can also compute
the Grüneisen and shear deformation parameters for the 2D
band (again using v = −0.16), and we find γ2D,zz = 1.90 ± 0.21
and β2D,zz = 0.60 ± 0.31, very close to the G band values γG =
1.89 and βG = 0.70. We note that these results are obtained for
strain along the zigzag direction and might not apply to strain
along the armchair lattice orientation due to the double
resonance mechanism and its dependence on lattice direction
(and laser energy).31−33 Reported values from the literature of
all the parameters just discussed are tabulated in the Supporting
Information. The variation in the reported shift rates for the 2D
band is most likely due to arbitrary lattice directions relative to
the strain orientation, the issue of calibrating strain (and

Figure 3. Correlation between the measured 2D±- and G-band peak
positions. Both peaks shift with charge as well as strain. The red, violet,
and green data are from the grating region; the blue points are from
the flat substrate area. The lines are fit to the data and indicate the
2D−/G strain ratio (red) S− 2.07 ± 0.36, the 2D+/G strain ratio
(green) S+ = 1.33 ± 0.14, and the 2D/G charge slope (blue) SQ = 0.37
± 0.28. The red and violet data were measured from two different
graphene flakes. The graphene on the flat surface is compressed by
∼0.11 ± 0.02%, as indicated by the black double arrow. The dotted
red lines correspond to a charge density n ∼ 2 × 1012 cm−2 and 4 ×
1012 cm−2.
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slippage), and the choice of what Poisson ratio should be used
(graphene or substrate).
From the analysis above, we also find that the graphene

region on the flat substrate is compressed (ε = −0.11 + 0.02%)
and has a charge density between 2−4 × 1012 cm−2. Such
unintentional doping level is typical for graphene on SiO2.
Spontaneous graphene compression has been observed
previously after heating,24,34,35 and in our sample, it is likely a
result of the heating step of the pick-and-place align-transfer
process. The graphene region on the grating is found to have a
lower charge doping and charge variation <1 × 1012 cm−2, as
inferred from the location and spread around the fitted lines of
slope S±. The violet data points are from the second graphene
flake on the same grating, measured with polarization along the
strain direction (Supporting Information). We see that the
slope is the same but the data points are shifted slightly to the
right, indicating a slightly larger charge density.
Next, we turn our attention to estimating the strain variation

within a period of the corrugated graphene over the grating
based on Raman measurements with a linearly polarized 514-
nm-wavelength laser having a spot size of 0.63 um (Supporting
Information, Figure S2). As discussed above, with good
clamping the strain should vary sinusoidally around its average
value with period Λ0 = 400 nm (i.e., the grating period).
Because Λ0 is smaller than the beam size of the laser (0.63 μm),
we cannot directly map out these sinusoidal strain oscillations.
However, any strain variation within the laser spot leads to a
convoluted Raman peak and, therefore, can be estimated from
the resulting increase in Raman line width. To that purpose, we
use the G− band in order to start from the narrowest possible
peak to better ascertain the line width broadening. The G−

mode can be exclusively selected by controlling the polarization
of the incoming and scattered light.36

Figure 4 shows an optical image of the larger graphene flake,
and the G− Raman shift and line width measured as a function
of position in the line scan indicated by the white horizontal
line. As in the 2D strain map of Figure 2, the strain transition
region outside the grating is clearly visible, as is the moderate
strain variation along the grating. Using the slope information
from Figure 3 and our previously determined Grüneisen and
shear deformation potential values14 (giving ((∂ωG

−)/(∂ε)) =
−31.5(cm−1/%), we obtain the compression on the flat
substrate and the tensile strain on the grating indicated on
the right-hand axis of Figure 4b. Figure 4c shows the
corresponding G− line width values. We separate these line
width data points into three groups: from the more conformed
regions over the grating (red), from the less conformed regions
(green), and from the flat substrate region (blue). The same
color scheme is also used in the colored bands of Figure 4b. On
the basis of these data, we find that there is a correlation
between strain and line width, which becomes clearer in the
cumulative distribution function (CDF) plot of Figure 5a. By
generating the CDF of the G− line width from each one of the
three groups above, we find three relatively distinct regimes
corresponding to different strain conditions. The CDF plots are
fitted with a gamma function, and the derivative gives the
Gaussian position and width. The corresponding histograms
and Gaussian fits are shown in Supporting Information Figure
S7. As expected, the more conformed and more highly strained
corrugated graphene has the broadest average line width (9.46
cm−1), flat graphene has the narrowest average line width (8.58
cm−1), and the less strained corrugated graphene has an average
line width in between these two limits (9.12 cm−1).

These results are then used to estimate the local strain
gradient in the corrugated graphene by convolving a sinusoidal
strain oscillation of period Λ0 = 400 nm with a Gaussian laser
beam of width 626 nm. The resulting G− line broadening
calculated as a function of the strain peak-to-peak variation Δε
is plotted in Figure 5b, where we have taken the value of 8.58
cm−1 measured from the flat substrate region as the Δε = 0

Figure 4. Line scan of the Raman G− band. (a) Optical image of the
graphene flake. (b) G− peak center versus position along the white line
in (a). (c) G− line width versus position along the same line. The blue,
green, and red boxes in (b) correspond to graphene on a flat surface
(under compression), partially suspended graphene over the grating
(under low tensile strain), and highly conformed graphene over the
grating (under higher tensile strain), respectively. The same color
scheme is used for the data points in (c).

Figure 5. Statistical analysis of the G− Raman data. (a) Cumulative
distribution function (CDF) plot of the G− line widths measured with
the three data sets in Figure 4c: flat graphene (blue), partially
suspended graphene (green), and highly conformed graphene (red).
The data are fitted with the error function giving the average line
widths 8.58 ± 0.42 cm−1, 9.12 ± 0.29 cm−1, and 9.46 ± 0.36 cm−1,
respectively. (b) Calculated G− line width broadening caused by
sinusoidal strain oscillations within the laser spot, as a function of the
peak-to-peak strain variation. The indicated strain values correspond to
the measured average line widths from (a).
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baseline. If we attribute 100% of the measured line broadening
to strain variations, we find from this plot that in the conformed
graphene regions Δε = 0.062%, as indicated by the red point in
Figure 5b. The corresponding strain variation per unit length is
((Δε)/(0.5Λ)) = ((0.062%)/(0.2 μm)) = 0.31(%/μm) for an
average strain ε ̅ ≈ 0.5% (from the red band of Figure 4b). This
value is substantially lower than the estimate from the perfect
clamping model discussed above, ((4ε)̅/(Λ0)) = 5(%/μm),
which demonstrates once again that graphene slides signifi-
cantly to redistribute strain. For an absolute upper limit of the
strain variation, we should use 6.5 cm−1 (pristine graphene)21

as the Δε = 0 baseline in Figure 5b. The same procedure above
would then yield Δε = 0.11% in the conformed corrugated
graphene, corresponding to a strain gradient of 0.55 %/μm
(still much smaller than the geometric estimate). In any case,
we can argue that this upper limit significantly overestimates
the strain contribution to the line width because of the
difference in charge on the flat substrate and the grating (Figure
3). With Fermi energy EF within or close to ± ((|EG|)/2), G
phonons decay into electronic excitations causing a broader
homogeneous line width21 of up to ∼16 cm−1. On the basis of
the measured charge density, the estimated Fermi level position
for the corrugated graphene in our sample is ∼ − 0.15 eV, close
to ± ((|EG|)/2) = 0.1 eV, whereas |EF| > 0.2 for the flat
graphene. Hence, the homogeneous line width on the grating
could be even larger than 8.58 cm−1, which would result in a
smaller strain variation than the value of 0.062% estimated here.
Finally, to evaluate the role of friction on the measured strain

distribution, we analyze a continuum mechanics model of the
graphene/SiO2 system. Full details of the model, including
justifications for its various assumptions, are contained in the
Supporting Information, and here, we only present the resulting
simple equation for graphene in mechanical equilibrium on a
flat surface subject to friction forces. The basic idea is to balance
friction and elastic forces. In the present sample, there are two
regions where such an analysis is easily implemented: the ∼3
μm long regions on the left and right sides of the grating where
the strain transitions from compression to high tension. In
these regions, the equation for mechanical equilibrium is

ν∂ ϵ ± − =
f

tE
(1 ) 0x

xx 2
(1)

where the x coordinate is taken perpendicular to the grating
lines, ε is the strain tensor, f is the shear stress due to friction,
and E, ν, and t are the Young’s modulus, Poisson’s ratio, and
thickness of graphene, respectively. The minus sign is taken
when the longitudinal displacement of graphene is positive (on
the left edge of the sample), and the plus sign is taken when the
displacement is negative (on the right edge of the sample).
According to this simple model, the strain is therefore a
function of position and has a local slope equal to ((Δε)/(Δx))
= ± (((1 − v2)f)/(tE)). For the transition region on the right
side, optical inspection and Raman analysis indicate that the
graphene flake is a bilayer. Hence, we expect the local slope
there to be cut in half based on its thickness dependence, as
clearly observed in Figure 4b.
Using eq 1, we extract the friction f from the measured local

slope ((Δε)/(Δx)) for both bilayer and single layer graphene
(from Figure 4), and the results are plotted versus the
corresponding strain values in Figure 6. The double layer is
anchored on the grating, not the flat substrate, but there is no
observed difference in friction. This demonstrates that the
gentle grating corrugation does not affect the friction for single

and bilayer graphene. In general, the friction behavior for
monolayer and bilayer graphene is very similar, and it is only
when the thickness increases to trilayer and beyond that the
bending rigidity due to the local microscopic corrugation begins
to have an impact.14 Hence, it is reasonable to assume that the
grating corrugation does not affect the friction in our
monolayer and bilayer sample. As a guide to the eye, a line
proportional to 1/ε is also plotted in Figure 6 (exactly the same
line14 used for pressurized graphene on SiO2), showing a very
good agreement. On the right axis in Figure 6 we have also
indicated the corresponding value of ((Δε)/(Δx)) (for
monolayer graphene) versus ε, to highlight that there is a
maximum strain variation per unit length that can be sustained
by the substrate friction. The data point based on the upper
strain variation estimate from the G− line width, 0.31% strain/
μm, is also included in this plot (purple diamond), consistent
with the elastic analysis, albeit on the high side for the reasons
discussed above. The decrease in friction with increasing strain
observed in Figure 6 can be explained as a result of decreasing
surface contact area. For zero strain, graphene can conform very
well to the underlying substrate surface morphology, including
any microscopic roughness.18 Strain, however, smooths out the
graphene sheet14 and, hence, reduces the contact area. Such
strain dependence of the friction clamping could be an issue for
strain engineered devices, although it could be reduced with a
flatter substrate surface.
The pick-and-place method does not yield graphene as clean

as directly exfoliated graphene, and polymer residue could alter
the friction between graphene and SiO2. Because the friction
values in Figure 6 are comparable to the friction between
directly exfoliated graphene and SiO2,

14 any contamination that
might be present does not change the friction substantially.
In summary, we have shown that graphene slides on a SiO2

surface to redistribute strain. Elastic analysis of the strain
transition region for single- and double-layer graphene gives
consistent values of the maximum strain per unit length before
this redistribution takes place, as a function of the friction
between graphene and SiO2. A decreased clamping with
increasing strain is also observed, which is associated with the
use of naturally microscopically rough SiO2 substrates. It is
possible that the use of microscopically flatter substrates could
mitigate this decrease in friction, which may have potential
applications in strain engineering. In contrast, the slowly
varying corrugation of the grating ((A/Λ0) < 0.14) used in this
work has no effect on the friction. The limited line width
broadening of the strained graphene on the grating shows that
local variation within a lattice spacing is an order of magnitude
smaller than would be expected from perfect clamping. This
also demonstrates sliding and strain redistribution when the

Figure 6. Estimated friction versus strain. The line f ∝ 1/ε is the same
as used in earlier work.14 The corresponding values of ((Δε)/(Δx))
are marked on the right-hand side. The purple diamond data point on
the right shows the maximum strain variation predicted from the line
width broadening calculation.
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friction force is not high enough to clamp the graphene sheet.
Altogether, these results are important for evaluating maximum
strain and strain gradients in any strain engineering devices. In
addition, we have used statistics of the 2D to G band positions
to separate the charge and strain contributions to the Raman
peak shifts. The use of uniaxial strain in the zigzag direction has
also allowed us to extract the Grüneisen parameter and shear
deformation potential for the 2D± peaks, which were found to
be close to the G band values.
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