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ABSTRACT
Using Raman spectroscopy, we measure the optical phonon energies of suspended graphene before, during, and after thermal cycling between
300 and 700 K. After cycling, we observe large upshifts (∼25 cm-1) of the G band frequency in the graphene on the substrate region due to
compression induced by the thermal contraction of the underlying substrate, while the G band in the suspended region remains unchanged.
From these large upshifts, we estimate the compression in the substrate region to be ∼0.4%. The large mismatch in compression between
the substrate and suspended regions causes a rippling of the suspended graphene, which compensates for the change in lattice constant due
to the compression. The amplitude (A) and wavelength (λ) of the ripples, as measured by atomic force microscopy, correspond to an effective
change in length ∆l/l that is consistent with the compression values determined from the Raman data.

The mechanical instability of graphene is one of its most
interesting properties.1-3 Ripple formation in suspended and
on-substrate graphene has been demonstrated both experimentally4-6 and theoretically,7-9 though with much variation
in character and orientation. Furthermore, these ripples have
been shown to create midgap states and charge inhomogeneity in the graphene.10,11 Therefore, a method of producing
well-ordered graphene ripples will help provide a deeper
understanding of these structures and their electrical, magnetic, and mechanical properties. Recently, Bao et al.
developed a method for forming well-ordered ripples in a
controllable fashion by the thermal cycling of suspended
graphene.12 The period and amplitude of these ripples were
satisfactorily accounted for by a classical elasticity theory
model, which correlated well with the thickness of the
suspended graphene.
Raman spectroscopy provides a very precise measure of
the vibrational energies of carbon nanotubes and graphene,
which respond very sensitively to changes in strain and
compression. As such, Raman spectroscopy provides a good
tool for characterizing the strain and compression in these
nanoscale systems.13,14 Cronin et al. were able to observe
changes in the Raman spectra of carbon nanotubes for strains
as small as ε ) 0.l%.15,16 Huang et al. measured the Raman
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spectra of graphene under uniaxial strains of a few percent.17
They observed downshifts in the G and 2D bands of ∂ωG/∂ε
) -12.5 cm-1/% and ∂ω2D/∂ε ) -21 cm-1/%, respectively.
Similarly, Mohiuddin et al. studied graphene under uniaxial
and biaxial strain both experimentally and theoretically.18
They reported values of the strain-induced downshifts of the
G band of ∂ωG/∂ε ) -30 cm-1/% and ∂ωG/∂ε ) -58
cm-1/% for uniaxial and biaxial strain, respectively. This
biaxial strain coefficient is consistent with recent measurements under hydrostatic pressure.19
Here, we present the first Raman spectroscopy measurements of periodic ripple formation in suspended graphene
before and after thermal cycling. These ripples arise from
the compression induced in graphene due to the difference
in thermal expansion coefficients between graphene and the
underlying silicon substrate. This compression is quantified
by measuring the change in the G band Raman frequency,
while the amplitude and wavelength of the ripples are
measured by atomic force microscopy (AFM).
Graphene membranes, ranging from single layers (0.35
nm) to multiple layers (2 nm) in thickness, and 0.5 to 20
µm in width, are deposited suspended across predefined
trenches on Si/SiO2 substrates using mechanical exfoliation.20
Spatially resolved micro-Raman spectra are collected in a
Renishaw inVia micro-Raman spectrometer, while the temperature is varied in a Linkam THMS temperature-controlled
stage. In this work, a 532 nm, 5 W Spectra Physics solid
state laser is collimated and focused through a Leica DMLM

Figure 1. (a) Optical microscope image of a graphene single layer
suspended over a 3 µm trench. (b) Spatial mapping of the G band
Raman shift taken perpendicular to the trench before and after
thermal cycling to 700 K.

microscope and used to irradiate these samples with a 100X
objective lens with NA ) 0.9, working distance ) 0.3 mm,
and spot size ) 0.5 µm. All measurements were performed
in air under standard atmospheric conditions.
Figure 1a shows an optical microscope image of a
graphene single layer suspended over a 3 µm trench. Spatial
mappings of the G band Raman shift taken before and after
thermal cycling to 700 K are shown in Figure 1b at the
locations indicated by the dashed line in Figure 1a. Before
thermal cycling, a slight upshift in the Raman frequency can
be seen in the trench region. This indicates either a small
compression in the suspended region or, more likely, a small
strain in the substrate region. After thermal cycling, however,
a large upshift of ∆ωG ) 25 cm-1 is observed in the substrate
region, while the trench region remains unchanged, indicating
the presence of significant compression in the single layer
graphene on the substrate. Such compression arises from the
differential thermal expansion between graphene and the
substrate, in particular, from the negative thermal expansion
of graphene.12
The biaxial compression of the graphene on the substrate
is manifested differently for the suspended portion of the
graphene. Because the bending energy of the thin membrane
is much smaller than the potential energy induced by
changing bond lengths, the compressive strain in the
suspended graphene is relieved by the formation of ripples,
B

Figure 2. Atomic force microscope (a) image and (b) cross-sectional
analyses of the suspended graphene single layer shown in Figure 1
(a) before and (b) before and after thermal cycling to 700 K.

as shown in Figure 2. In the ideal case where the ripples
can be approximated as a sinusoid with amplitude (A) and
wavelength (λ), the effective contraction of the graphene is
given by
∆l )

∫ dl ) ∫ (1 + [ 2πλ A cos( 2πx
λ )]

2

ε)

)

- 1 dx

∆l
) (πA/λ)2 + O(A/λ)4
l

where we have used a Taylor series expansion to obtain the
final form. Figure 2 shows an AFM topography image and
cross-section analyses of the suspended graphene before and
after thermal cycling. Before heating, the graphene appears
flat. However, after thermal cycling, ripples can be seen. In
order to accurately analyze these real ripple patterns, which
deviate significantly from the sinusoidal idealization, we
evaluate the actual change in length ∆l/l using the AFM
software (DI, Nanoscope) to be 0.40%, which is in good
agreement with the compression value determined from the
Raman upshifts shown in Figure 1, as described below. From
the AFM cross-section data, we determine the average
amplitude and wavelength of these ripples to be 5.2 nm and
0.26 µm, respectively.
Spatially mapped Raman spectra were taken after every
100 K increment during heat-up and cool-down and are
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Figure 3. Raman spatial maps taken during (a) heat up to 650 K
and (b) cool down from 700 K.

Figure 4. (a) Difference between the average G band Raman shift
of the suspended and substrate regions and estimated biaxial
compression taken during thermal cycling. (b) Raman upshift
between the substrate and suspended regions plotted as a function
of graphene thickness.

shown in Figure 3. According to the observations of Bao et
al. during the thermal cycling, the suspended graphene
samples became taut at temperatures higher than 600 K due
to the thermal expansion of the underlying substrate and the
thermal contraction of the graphene.12 Subsequent cooling
from 700 to 300 K creates compression and ripples in the
graphene samples. In our Raman measurements, the G band
Raman frequency of the suspended graphene in the trench
region was roughly equal to that measured in the substrate
region during heat-up (Figure 3a). During cool-down,
however, the Raman frequencies of the suspended and
substrate regions begin to deviate significantly due to the
compression induced by the thermal contraction of the silicon
substrate and the thermal expansion of the graphene (Figure
3b). After thermal cycling, the Raman upshift observed in
the substrate region relative to the suspended region was ωsub
- ωsus ) 22.7 cm-1. The first principles calculations of
Mohiuddin et al. predict downshifts of ∂ωG/∂ε ) -58
cm-1/% for biaxial strain.18 Assuming this coefficient for both
tension and compression,19 we estimate a compression of
0.39% from the 22.7 cm-1 upshift observed in our work after
thermal cycling. This value of compression agrees well with
the value obtained from AFM. We note these frequency shifts
are much larger than those that could be explained by the
temperature dependence of the Raman peaks alone, which

follow (∂ω)/(∂T)|ε ≈ -0.016 cm-1/K according to ref 21.
As mentioned above, the relatively small variations in the
Raman frequency along the length of the graphene before
and during heat-up indicate some slight strain induced during
mechanical exfoliation or by the thermal expansion of the
trench. Figure 4a shows the difference in the average Raman
frequency between the substrate and suspended regions (ωsub
- ωsus), plotted as a function of temperature as the sample
is thermally cycled between 300 and 700 K. The data are
found to follow a linear dependence on temperature. The
biaxial compression estimated from Mohiuddin’s work is also
shown in the figure on the right axis.
Spatially mapped Raman spectra and AFM data were taken
before, during, and after thermal cycling on a total of four
suspended graphene samples. Table 1 summarizes these
results. Samples 1 and 2 showed Raman upshifts of ∆ωG )
22.7 and 10.4 cm-1 and estimated compressions of 0.39%
and 0.18%, respectively, based on the theoretical predictions
of Mohuiddin et al.18 These results are consistent with the
effective compressions obtained from the AFM data, 0.4%
and 0.25%, respectively. Sample 3 shows results for a
graphene trilayer that exhibits a somewhat smaller Raman
upshift and compression after thermal cycling. Unfortunately,
no AFM data could be obtained from this sample after
thermal cycling. Sample 4 shows data from a multilayered
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Table 1. Raman and AFM Data Summary of Four Samples before and after Thermal Cycling
graphene
max temp
Raman upshift after
compression estimated from effective compression
sample graphene layers thickness (nm) (Tmax) (K) cycling (ωsub - ωsus) (cm-1)
Raman upshift (%)
(∆l/l) from AFM data (%)
1
2
3
4

single layer
bilayer
triple layer
multiple layer

0.33
0.74
0.94
3.24

700
700
700
700

22.7
10.4
5.3
0.5

sample of graphene, which exhibits a significantly lower
value of Raman-estimated and AFM-estimated compression.
Figure 4b shows a plot of the relative upshift of the G band
after thermal cycling (ωsub - ωsus) plotted as a function of
the graphene thickness. A clear trend can be seen in the
sample thickness dependence of the Raman upshift, which
is consistent with the observations of Proctor et al. under
hydrostatic pressure.19 This plot clearly shows that the
graphene thickness plays a significant role in the compression
created by thermal cycling, such that thinner graphene
samples experience more compression than thicker graphene
samples.
The thermal expansion coefficient (TEC) of graphene can
be estimated from our measurements. Carbon nanostructure
materials are known to exhibit an anomalous (negative)
thermal expansion coefficient.22-24 Here, we observe a
compression of 0.4% over a 400 K (1 × 10-5/K) temperature
difference, which arises from the difference in thermal
expansion coefficients of graphene and the underlying silicon.
Subtracting the TEC due to the underlying silicon substrate
(4.7 × 10-6/K)12,25 gives a value of -5.3 × 10-6K for the
TEC of single layer graphene. This is consistent with the
values given in our previous work, verifying the classical
elasticity theory model used to interpret those results.12 This
value is much larger in magnitude than the TEC of graphite
in the basal plane, -1 × 10-6/K, and roughly one and a
half times larger than the value predicted for graphene from
theoretical calculations.24
We note that Berciaud et al. have also observed significant
shifts in the Raman spectra of suspended graphene relative
to on-substrate graphene.26 However, in that work, the
shifting of these Raman peaks was attributed to a doping
effect, which is known to cause upshifts and line width
narrowing of the G band in graphene through the blockage
of the decay channel of phonons into electron-hole
pairs.27-29 A spatial mapping of the G band Raman line width
of the suspended graphene sample shown in Figure 1 taken
before and after thermal cycling to 700 K is shown in the
online supporting document.30 The data show a broadening
of the G band line width in the suspended region, which
can be explained by inhomogeneous broadening. Since the
period of the ripples is smaller than the laser spot, local
variations in the Raman frequency will be spatially averaged
over the collection area (laser spot), resulting in a broadened
Raman line width after the ripples are formed. The onsubstrate graphene, however, shows a narrowing of the G
band line width from approximately 13 to 9 cm-1, which
may indicate doping due to charge transfer from the
underlying substrate. However, the doping required to
achieve this line width narrowing is relatively small and
corresponds to upshifts of just several cm-1.29 Another
D

0.39
0.18
0.09
0.01

0.40
0.25
N/A
0.058

alternative is that a compression-induced band gap is
created.13,14,31,32 If the band gap is larger than the G band
phonon energy, it will block the decay of phonons into
electron-hole pairs, causing the observed upshift and line
width narrowing. Further studies must be conducted in order
to separate these possible effects. The additional topographical information provided by AFM corroborates the existence
of compression, which we believe is the primary effect on
the observed Raman spectra.
In conclusion, we observe significant upshifts in the Raman
spectra of suspended graphene (25 cm-1) after thermal
cycling treatment (300-700-300 K). For single layer
graphene, these upshifts correspond to compressions in the
substrate region up to 0.4% and ripple formation in the
suspended region of the graphene. The effective change in
length, as determined from AFM measurements of the ripple
amplitude and wavelength, is consistent with the values of
compression estimated from the Raman upshifts. These
independent measurements verify that the ripples originate
from the change in lattice constant in the compressed region.
Lastly, the thickness dependence of the compression induced
by thermal cycling was ascertained and was found to
decrease with increasing graphene thickness.
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