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Abstract

We demonstrate local strain measurements in graphene by using tip-enhanced Raman
spectroscopy (TERS). We ﬁnd that a single 5 nm particle can induce a radial strain over a lateral
distance of ∼170 nm. By treating the particle as a point force on a circular membrane, we ﬁnd
that the strain in the radial direction (r) is ∝ r −2 3, in agreement with force-displacement
measurements conducted on suspended graphene ﬂakes. Our results demonstrate that TERS can
be used to map out static strain ﬁelds at the nanoscale, which are inaccessible using forcedisplacement techniques.
S Online supplementary data available from stacks.iop.org/nano/26/175702/mmedia
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1. Introduction

(TERS) on graphene [13–19], illustrating that TERS could
be used to create high resolution strain maps.
In this work we demonstrate that TERS can be used to
locally measure strain in single layer graphene. We ﬁnd that a
single 5 nm particle leads to a radially strained region on the
graphene ﬂake with a radius of ∼85 nm and that the strain (ϵ)
along the radial direction (r) scales as ϵ ∝ r −2 3. This scaling is
expected for a circular membrane with a normal force applied at
a single point. Our results demonstrate that Raman strain
measurements are valid at the nanoscale and are complementary
to force-displacement measurements with the beneﬁt of being
able to characterize static strain ﬁelds intrinsic to a sample.
Furthermore nanoscale strains can generate enormous pseudomagnetic ﬁelds in graphene [20] and modify the bandgap in
dichalcogenides [21]. Therefore characterizing local strains is
crucial for engineering the properties of 2D materials.

The performance of devices made of two-dimensional (2D)
materials such as graphene, boron nitride, and dichalcogenides depends on material strain. Raman spectroscopy has
been extensively used to characterize strain in these materials since a mechanical strain causes frequency shifts in
several of the Raman bands as well as a widening of the
peaks in certain conditions [1–11]. While Raman spectroscopy has played a central role in understanding the
mechanical properties of graphene, the studies have been
limited to the microscale. The mechanical properties have
also been extensively investigated using atomic force
microscopy (AFM) based force-displacement techniques on
suspended graphene ﬂakes [12]. Since the AFM tip is on the
order of 10–20 nm, these studies are able to investigate
strains due to local forces, which are inaccessible with
conventional, diffraction-limited Raman spectroscopy. As
the quality of devices continues to improve, it becomes
increasingly important to implement techniques capable of
imaging strain distributions at the nanoscale. Recently several works have used tip-enhanced Raman spectroscopy
0957-4484/15/175702+06$33.00

2. Results and discussion
The Raman spectrum of graphene consists of three main
features: the ﬁrst-order allowed G band (∼1580 cm−1), the G′
1
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Figure 1. TERS characterization of a graphene sample. (a) TERS image of the G′ band. Inset: confocal image of the same area scaled in
intensity by × 2 compared to the TERS image. (b) Simultaneously acquired topography of the ﬂake in (a). The white arrow indicates the
location, taken tail to head, of the hyperspectral linescan. (c), (d) Spectra with (red) and without (black) the tip away from and near the
particle.

(also called 2D) band (∼2700 cm−1), and the defect-induced
D band (∼1350 cm−1) [22–24]. The G and G′ bands can be
used to measure the carrier concentration and strain, with the
G band being more sensitive to carrier concentration [25] and
the spectral position of the G′ band having a stronger
dependence on the strain [1]. The G′ band is also used to
determine the number of graphene layers and stacking order
[23, 26]. The D band is only present at defect sites in the
graphene lattice, which includes edges with armchair chirality [27, 28].
To resolve nanoscale strain ﬁelds, we exfoliated a single
graphene ﬂake and recorded spatial Raman scattering maps
using a near-ﬁeld microscope as described in [29, 30]. A
HeNe laser was used for these measurements and the laser
power was kept below 0.5 mW to avoid damaging the tip. The
near-ﬁeld and far-ﬁeld spectra were acquired with integration
times of 30 and 45 s, respectively. Figure 1(a) shows a nearﬁeld Raman image of the G′ band. Comparing this TERS
image to the confocal scan of the same area (inset), the
improvement in resolution and signal is immediately clear.
Furthermore, the TERS image reveals that a section of the
ﬂake is folded over, as conﬁrmed by the simultaneously
acquired topography (ﬁgure 1(b)). The spectrum acquired on
the folded piece is characteristic of a twisted bilayer graphene
ﬂake with a small twist angle [31–33] (see supplementary

information). This illustrates that TERS can be used to
determine the local stacking order of graphene ﬂakes, which
is particularly important due to the growing interest in using
2D heterostructures [34] and twisted multi-layers for engineering opto-electronic properties [31, 32, 35]. In addition to
the folded region of the ﬂake, a small particle covered by the
graphene sheet is also visible in the topography (ﬁgure 1(b)).
According to the topographic proﬁle the particle is ∼5 nm in
height and lifts the graphene lattice over an area of ∼170 nm.
To investigate local strain we acquired a hyperspectral
Raman linescan along the white line (tail to head) in
ﬁgure 1(b). The ﬂake was scanned underneath the stationary,
laser-irradiated gold tip, and a spectrum was acquired at each
location. Figures 1(c) and (d) show example spectra acquired
away from and near the particle, respectively, with the tip
down (red) and retracted (black). Figures 2(a)–(e) show plots
of the hyperspectral linescan for the center frequency and the
width of the G and G′ bands as well as the D band amplitude
after ﬁtting each peak with a single Lorentzian. The vertical
dashed lines indicate the edges of the folded region and the
vertical solid line is the location of the particle. Three
important features are visible in the linescans. First, two D
band peaks are observed, which are localized at the two edges
of the bilayer region as expected [17, 28, 36, 37]. The D band
linescan was normalized by the maximum far-ﬁeld value to
2
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Figure 2. (a), (b) Center frequency of the G and G′ bands, respectively. (c), (d) Width of the G and G′ bands, respectively. (e) D band
amplitude. (f) Ratio of the Raman shifts for the G′ and G band, Δω G′ Δω G . The black lines are guides for the eye.

accentuate the enhancement. The measured width of the D
band intensity proﬁle is a convolution of the tip with the
spatial extent of the D band (∼4 nm) [17, 28, 37]. Second, in
the bilayer region (after ∼350 nm) the G′ band blueshifts
(ﬁgure 2(b)) and the width drastically increases (ﬁgure 2(d)),
as expected [22, 23, 32, 38, 39]. Finally, there is a kink in the
G and G′ band position and width around 200 nm, which
corresponds to the location of the particle in ﬁgures 2(a)–(d).
The redshift of the G and G′ bands as well as the G′ band
broadening of ≈4 cm−1 indicate that the particle locally strains
the graphene ﬂake as one would intuitively expect. While
variations in carrier concentrations can also shift the Raman
bands, this shift cannot be due to doping since the observed
shift is larger for the G′ band than for the G band [25].
Furthermore, for both peaks to redshift the ﬂake must be more
strongly p-doped away from the particle than on the particle.
In this case the ratio of the amplitudes, I(G′)/I(G), would
increase [25], which is not observed. Therefore we conclude
that strain, not doping, is responsible for the observed shift.
This is further corroborated by the ratio of the Raman shifts,
ΔωG′ ΔωG , shown in ﬁgure 2(f), which was previously
shown to be ≈2.2 for strained single layer graphene in good
agreement with our measurements near the particle [7, 9, 11].
The two types of strain that are most commonly studied
using Raman spectroscopy are uniaxial and biaxial strain. As
mentioned earlier, under tensile strain the G and G′ bands
redshift. For uniaxial strain the G band splits into two peaks

and the G′ band can broaden or split [1, 4, 40, 41]. The
amount that the G′ band broadens or splits depends on the
magnitude of strain and the direction of the incident polarization relative to the strain axis [4, 40]. In contrast, the
widths of the G and G′ bands are unaffected by biaxial strain
[3, 9]. In our case the particle applies a localized force on the
graphene ﬂake, which leads to a radial strain. In other words
the strain is maximum at the location of the particle and
decreases radially outward. This type of strain has been
investigated using force-displacement measurements on graphene suspended over holes [12, 42, 43].
At ﬁrst glance radial strain may seem similar to biaxial
strain, in which case the observed broadening of the G′ band
is surprising. However, radial strain should split the G′ band
as well since at any position, r, the graphene lattice experiences strain along a single direction that modiﬁes the band
structure, similar to uniaxial strain. Unlike uniaxial strain, for
radial strain the strain axis relative to the crystal axes changes
with the polar angle (θ) and leads to a θ-dependent broadening or splitting. In our case we observe broadening, not
splitting, which can be attributed to several factors. First,
based on the Raman shift, the strain is not signiﬁcant enough
to split the G′ band. Second, in our measurements the nearﬁeld probe behaves as a vertical dipole perpendicular to the
graphene surface [18, 44]. Therefore the measured spectra are
an average of all excitation polarizations within near-ﬁeld
3
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Figure 3. Illustration and measurements of a radially strained graphene ﬂake. (a) Sketch of a particle straining the graphene. (b) Topographic

proﬁle of the strained region. (c) Schematic of the convolution of the TERS resolution (black) with the modeled Raman shift (blue) to give
the measured Raman shift (red). (d) Plot of the Raman shift of the G′ band, Δ ω G′ (circles) from ﬁgure 2(b). The ﬁt is shown in red and the
total strain proﬁle, ϵ, is shown in blue. (e) Plot of the Raman shift of the G band, Δ ω G′ (triangles) from ﬁgure 2(a). A strain of ϵ = 0.37% was
used for ﬁtting of the Raman data in both (d) and (e).

interaction areas, which adds additional broadening to the
G′ band.
In order to gain a more quantitative understanding, the
strain can be related to the Raman shift (Δω) for each band
through the Grüneisen parameter (γ) for that band using the
equation
Δω = −ω 0 γ ϵ = −ω 0 γ (ϵr + ϵθ ) ,

where h is the membrane thickness, and E is the Young’s
modulus.
The
parameter
q
is
deﬁned
as
2 , where ν is the Poisson ratio
q = 1 (1.05 − 0.15ν − 0.16ν )
[12, 43]. In the case of graphene h = 0.335 nm, E = 1 TPa, and
ν = 0.165 [12, 42, 43]. Often E is redeﬁned for 2D materials
by grouping them with h to have units of Nm−1 [12]. In the
case of zero pre-strain, also known as Schwerin’s solution
[43], the applied force leads to radial and circumferential
strains described by [43, 46]

(1)

where ω 0 is the unshifted frequency. In this case ϵ has been
written in polar coordinates so that the principal components
are ϵr and ϵθ along the radial and circumferential directions,
respectively. In the absence of shearing strains, the total strain
is ϵ = ϵr + ϵθ , known as the hydrostatic strain [1, 45]. We
used γG′ = 2.6 and γG = 1.8 for the Grüneisen parameters [9].
In order to characterize the radial and circumferential
strains due to the particle, the graphene ﬂake can be treated as
a clamped circular membrane with a point load force applied
in the center. A sketch of the strained graphene is shown in
ﬁgure 3(a). As long as the displacement force is sufﬁciently
localized, it can be treated as a point load. Mathematically, the
point load model is valid if δ ≪ 2a , where δ is the diameter of
the object applying the force and a is the radial extent of the
strain [42]. In our case δ = 5 and a = 85 nm, δ being deﬁned
by the diameter of the particle. Figure 3(b) shows the topographic proﬁle of the graphene over the particle. Assuming a
point load model, the applied force, F, has a linear deﬂection
term proportional to the pre-stress of the ﬂake and a nonlinear deﬂection term [12]. The pre-stress varies depending on
the processing of the sample and the substrate, but it is
typically less than a few GPa [12]. For simplicity, we assume
zero pre-stress in which case F can be approximated as
⎛ δ ⎞3
F = E (q 3ah) ⎜ ⎟ ,
⎝a⎠

ϵr =

13
3 −ν⎛
F 2 ⎞ ⎛ 1 ⎞2 3
⎜ 2 2 2⎟ ⎜ ⎟
4 ⎝ 3π E h ⎠ ⎝ r ⎠

ϵθ =

13
1 − 3ν ⎛
F 2 ⎞ ⎛ 1 ⎞2 3
⎜ 2 2 2⎟ ⎜ ⎟ .
4 ⎝ 3π E h ⎠ ⎝ r ⎠

(3)

These equations illustrate that radial and circumferential
strains are signiﬁcantly different than uniaxial or biaxial
strains that are typically studied using Raman spectroscopy.
Uniaxial strain is uniform along the strain direction and
biaxial strain is isotropic. However, radial and circumferential
strains reach a maximum in the center and decrease away
from the applied point force. Note that according to
equation (3), ϵr is more than a factor ﬁve larger than ϵθ for
graphene.
The Raman measurements in ﬁgure 2 show that the strain
has a gradient over the particle, as expected according to
equation (3). Figures 3(d), (e) show a zoomed-in plot of the G
and G′ shift from ﬁgures 2(a) and (b). The strain proﬁle can
be calculated by substituting equation (2) into equation (3).
The Raman shift can then be calculated by substituting the
strain proﬁle from equation (3) into equation (1). This result
will be referred to as the modeled Raman shift proﬁle. The
measured Raman shift proﬁle is a convolution of the actual
Raman shift proﬁle with the TERS resolution proﬁle.

(2)
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Therefore to test the validity of strain model presented above,
the resolution of the tip must be known in order to convolve it
with the modeled Raman shift proﬁle. The resolution of the
tip was estimated from the D band spatial proﬁle. In this case
the D band proﬁle from the single layer region of the ﬂake in
ﬁgure 1(a) was used because the Raman behavior at the edge
of a single layer ﬂake has been extensively studied
[17, 28, 37]. The tip proﬁle was treated as a Gaussian with a
FWHM of 34 nm. This resolution is sufﬁcient to resolve the
strain due to the particle (see supplementary information).
Convolving this Gaussian with the modeled Raman shift
proﬁle gives the expected theoretical Raman shift proﬁle,
which can be compared with the measurements. This process
is depicted in ﬁgure 3(c). One important note is that
equation (3) is singular at the location of the particle (r = 0).
To avoid this issue we used the maximum shift from Raman
measurements to scale the amplitude of the modeled Raman
shift proﬁle, which resulted in a maximum strain of
ϵ = 0.37% on the particle. It is important to note that the prestrain of the ﬂake could change the magnitude of the calculated strain, which is not included in the model presented in
equation (3). The resulting theoretical Raman shift and strain
proﬁles are shown in ﬁgure 3(d) in red and blue, respectively.
The theoretical Raman shift proﬁle is in good agreement with
the measurements and illustrates that ϵ ∝ r −2 3. The asymmetry on the right side of the plotted data is due to the presence of the bilayer region shifting the G′ frequency near the
fold. The shaded gray area is the resulting shift due a strain
between ϵ = 0.34 and 0.40% and illustrates the sensitivity of
Raman spectroscopy to strain. The ﬁtting for the G band data
using a maximum strain of ϵ = 0.37% is shown in ﬁgure 3(e).
A comparison with other ﬁtting functions is shown in the
supplementary information.
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