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ABSTRACT: Twisted bilayer graphene (tBG) is an exuberant
electronic system, exhibiting a wide variety of electronic behaviors
intricately influenced by both the twist angle and internal built-in
strain. In our study, we explore how naturally occurring variations
in the mismatch angle in the bilayer graphene result in localized
strain gradients. These gradients are sufficient to store elastic
energy, promoting deterministic buckling phenomena. Utilizing
tip-enhanced Raman spectroscopy, we conducted nanometer-scale
mapping of twist angle, strain distribution, and elastic energy across
tBG, identifying pronounced and deterministic fluctuations in
Raman peak shifts, particularly within the 2D band on wrinkled
areas. This analysis enabled us to distinguish between uniaxial and
biaxial strain effects and to evaluate the elastic energy that remains
within these structures. Supported by finite element modeling, our results elucidate the relationship between anisotropic strain
dynamics and buckling behavior, enhancing our understanding of tBG’s mechanical properties. Our findings contribute to the field of
strain engineering in tBG and suggest new possibilities for tailoring the electronic and structural characteristics of these materials at
the nanoscale.

1. INTRODUCTION
Twisted bilayer graphene (tBG) has emerged as a cornerstone in
condensed matter physics and materials science. This material’s
ability to form a periodic superlattice of electronic density
(usually identified in microscopy techniques by moire ́ patterns)
at specific “magic” angles, such as ∼1.1°, results in nearly flat
electronic bands. Such condition enables the study of strongly
correlated electronic phases like superconductivity, Mott
insulators, and topological states.1−5 Moreover, tBG has
shown exceptional potential for thermoelectric applications,
with reports of enhanced thermoelectric power factors near the
magic angle due to an increase of Seebeck coefficients with
consequent reduction of thermal conductivity, positioning tBG
as a promising candidate for energy harvesting and related
technologies.6−10 These properties have catalyzed advance-
ments in areas nowadays referred as twistronics and
straintronics, where the twist angle between graphene layers is
a crucial parameter for tuning electronic effects.11,12 As
demonstrated in waveguide-integrated devices, applications in
photonics further highlight tBG’s versatility by exploiting its
enhanced optical absorption capabilities due to van Hove
singularities at higher twist angles.13

Despite these advances, leveraging tBG for practical devices
remains challenging. Achieving reproducibility in the precise
alignment of graphene layers within a precision of fractions of a

degree is an accurate process in which even slight deviations can
significantly alter electronic properties.14 Additionally, intrinsic
issues like strain-induced wrinkle formation and long-range
stability of interlayer bonding add complexity to the fabrication
process.11 These challenges are exacerbated when integrating
tBG into functional devices, such as superconducting Josephson
junctions and optoelectronic components, due to the require-
ment of ultraclean interfaces and precise electrostatic gating.15

Moreover, the incorporation of tBG into scalable technology
is hindered by the need for uniformity and control of domain
formation due to lattice relaxation. The limitations in device
reproducibility and the high sensitivity of tBG properties to
environmental factors underline the difficulties in transitioning
tBG research from fundamental studies to practical applica-
tions.14 Addressing these issues requires innovations in
fabrication techniques and material engineering, particularly in
controlling the moire ́ superlattice parameters that would
diminish angle disorder.16 These advancements will be pivotal
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in unlocking the full potential of tBG for next-generation
quantum and optoelectronic technologies.

Tip-enhanced Raman spectroscopy (TERS) has become a
vital vibrational probing technique at the nanoscale, integrating
the spectroscopic precision of Raman scattering with significant
signal enhancement.17−19 The efficacy of TERS is attributed to
its capability to surpass the diffraction limit of light for spatial
resolution, combined with an enhanced sensitivity inherent to
Raman spectroscopy. This synergy allows for the nanoimaging
of single molecules, establishing TERS as an indispensable tool
in fields such as chemistry, biology, and materials science.20−22

In our study, we utilized local near-field Raman measurements
and finite element method simulations to assess the strain and
elastic energy in twisted bilayer graphene (tBG).

We fabricated the tBG using a transfer system to set a
mismatch angle of 10°, which was characterized via Raman
spectroscopy. Employing TERS, we achieved high spatial
resolution mapping of the sample, identifying wrinkled regions
confirmed by topographic images. Hyperspectral mapping
enabled us to observe variations in the two-phonon totally
symmetric transversal optical 2D band (∼2650 cm−1)23

specifically in areas with wrinkles. By analyzing shifts in the
2D band, we directly quantified the local strain in these regions.
We observed a splitting of the 2D band inside the wrinkled
region, with the appearance of a new peak. Such features allow us
to distinguish between uniaxial and biaxial strain. Our results

reveal that anisotropic strain conditions generate localized
gradients with sufficient energy to create buckled areas. Elasticity
parameters used along tBG data analysis in this work, known to
be slightly different from those of monolayer graphene, are
verified by finite element method (FEM) simulations of wrinkle
morphologies. The elastic energy inside wrinkled regions is then
evaluated and exceeds the adhesion energy between the
graphene layers and the substrate. Our approach provides a
comprehensive understanding of the inherent mechanical
behavior of tBG under strain, offering insights into the potential
for strain engineering in the development of processes that can
lead to tBG-based devices.

2. EXPERIMENTAL METHODS
Twisted bilayer graphene samples were fabricated to achieve
specific optical absorption resonance angles, using the tear-and-
stack method described in ref 16. First, graphene flakes were
initially isolated via micromechanical exfoliation onto a 300 nm-
thick thermally grown oxide layer on a SiO2/Si substrate. The
exfoliated graphene sheet was torn into two-halves. One-half was
carefully transferred and aligned with an in-plane misorientation
angle (θ) of around 10° atop the remaining half. This stacking
creates a θ-dependent electronic density pattern (moire ́pattern)
due to atomic superposition in some regions.24−26 Finally, the
tBG was transferred to a hexagonal boron nitride (hBN) flake
centered on top of a covered glass substrate.

Figure 1. (a) Schematic of moire ́ pattern of 10° twisted bilayer graphene. (b) AFM topographic profile of a selected region with 700 × 700 nm2 in our
sample, showing a large buckled structure (wrinkle). The white dots ranging from 1 to 9 are used to indicate spectral measurements depicted in Figure
3. (c) Raman spectrum on a flat region of the tBG, showing the R (≈1518 cm−1), G (≈1585 cm−1), and 2D (≈2650 cm−1) peaks. (d) Hyper-spectral
map from TERS in the same region mapped in (b), depicting the R band peak position. (e) Map with calculated tBG angle using the iTO mode along
different angles for R band peak position.
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Raman spectroscopy was employed for the systematic
characterization of three different graphene systems: monolayer
graphene, bilayer graphene, and twisted bilayer graphene (tBG).
In tBG, the tuning of energy between van Hove singularities and
the incident laser photon energy was adjusted to enhance the
absorption probability,27−29 resulting in an increase of the G
band intensity by up to 12.5 times compared to typical bilayer
graphene under similar laser power conditions. Another notable
feature in the tBG system is the emergence of the R band
adjacent to the G band, attributed to the θ-dependent phonon
activation induced by the unique moire ́ geometry.29,30

TERS analyses were carried out using a FabNS Porto-SNOM
system, employing an oil-immersion objective lens with a
numerical aperture of 1.4 alongside a radially polarized HeNe
laser at 632.8 nm wavelength, 750 μW of intensity with 0.5 s of
accumulation time. Plasmon-tunable tip pyramids (PTTPs)31

adjusted to the incident laser’s wavelength were used for near-
field investigations. Following data acquisition, the PortoFlow
Analysis Software (v1.16) processed spectral information.

3. CONTINUUM ELASTICITY SIMULATIONS
Continuum elasticity calculations were used to assess the effects
of in-plane strain in our graphene layers.32 Using a commercial
finite element model software (COMSOL33), each graphene
layer was modeled as a homogeneous thin slab characterized by
well-defined elastic constants and predefined in-plane strains, an
approach that is appropriate for micrometer-sized graphene
grains.34,35 The strain between the layers is treated as
homogeneous at the interface for a fixed twist angle, enabling
us to accurately capture the average buckling behavior expected
from such configurations. These simulations also provide a
suitable range of elastic constants for tBG, which are known to
differ from monolayer graphene and can be used as a starting
point for future works and further developments from other
groups.

4. RESULTS
A schematic representation of the twisted bilayer graphene
(tBG) lattice exhibiting a moire ́ pattern due to the mismatch
angle between upper and lower graphene sheets is depicted in
Figure 1a. Employing atomic force microscopy (AFM), we
successfully scanned the surface topography of the tBG, as
shown in Figure 1b. Although our tBGs are, in most of their
surface area (∼95%), characterized by flat regions, buckled
structures such as the one shown are commonly observed. The
wrinkled structure of Figure 1b has an average height of 60 nm at
its center. Since similar morphologies are observed over the tBG
surface it is crucial to understand whether local elastic
conditions determine the uprising of such features. The
particular structure shown here is extensively analyzed
throughout this work and its morphology as well as
inhomogeneous local strain conditions were observed in other
buckled regions in our tBG.

In the same region mentioned above we measured Raman
spectra using TERS mapping procedures. Figure 1c displays the
Raman spectrum featuring the characteristic Raman bands of a
tBG, most notably the R band. As discussed in previous works,36

the frequency of the rotationally induced R band is associated
with a Raman process involving the scattering of a photoexcited
electron by a phonon with wavevector q. Momentum
conservation is ensured when the electron is elastically scattered
by a superlattice wavevector −q determined by the rotational

angle θ. Additionally, the stretching motion of the bonds
between carbon atoms gives rise to the G band (E2g,≈1585
cm−1), while the breathing motion of carbon hexagons
correspond to the so-called 2D band (A1g, a second-order
feature observed at ≈2650 cm−1 for the HeNe laser).

In all the maps presented in this work, each pixel represents an
area of 25 × 25 nm2, with every pixel containing a measured
Raman spectrum. The Lorentzian fitting is used to determine
the center position of each peak along the frequency axis. Such
information is subsequently transcribed into maps that illustrate
variations in the intensity and position of each band, providing
detailed insights into the localized morphologies and their
related electronic properties along the tBG.

Figure 1d shows the variation in the R band peak position
(ωR) within the mapped area. We observe three distinct regions
with different mismatch angles, separated by the buckled region
(larger wrinkle in the map). Previous studies by Carozo et al.,36

have established that the R band arises from a double-resonance
Raman process involving both elastic and inelastic scattering of
electrons mediated by the static potential and phonons,
respectively. The process begins with the absorption of a
photon of energy EL and wavevector k0. The electron then
undergoes an elastic scattering event via static potential, which
transfers momentum characterized by the rotational wavevector
q, scattering the electron to a state with wavevector kint′ = −kint on
the same energy circle of radius kint. Subsequently, a phonon
with wavevector Qint is generated in the lattice, and the electron
is inelastically scattered back to kint.

These two events are classified as intervalley or intravalley
depending on whether the processes occur between distinct K
and K′ Dirac cones (intervalley�the R band) or within the
same cone (intravalley−R′ band). Finally, the electron
recombines with a hole, emitting a photon with energy ℏωS =
EL − ℏω (where ω is the phonon frequency) with an additional
wavevector ks. Momentum conservation is satisfied only if the
condition k0 + kS = q(θ) − Qint(θ) is met. Given that the photon
k0 and kS are small compared to the size of the first Brillouin
zone, this condition simplifies to Qint(θ) ≃ q(θ).

Our tBG sample was fabricated with a nominal twist angle of
10°. Previous works37,38 have established the correlation
between the dispersion of the acoustic and optical phonons
with the twist angle θ and can be used to verify our particular
condition. In these works, samples with different twist angles
were systematically probed.27,36,39 We employed here a
continuous interpolation of this dispersion as the primary
input for phonon frequencies as a function of the rotational angle
θ. One must mention here that the experimental (monotonic)
R-band frequency (ωR) shift as a function of twist angle and its
consequent theoretical phonon dispersion relation allows us to
retrieve a unique correspondence for ωR(θ). Details of this
approach are depicted in the Supporting Information, providing
the twist angle map shown in Figure 1e. This analysis reveals a
variation in the twist angle from 10.8 to 12° across the mapped
area as shown. In this figure, three distinct regions are observed,
each exhibiting approximately constant angles. Notably, the
boundaries between these regions coincide precisely with the
location of elongated wrinkles.

The mismatch angle between the graphene layers in tBG plays
a crucial role influencing the intensities of both the G and R
Raman modes due to resonance effects. In a usual resonant
Raman experiment, the photon energy of the laser is tuned to
match the energy of electronic signatures such as the van Hove
singularities (vHs). For tBG this resonant enhancement is
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particularly sensitive to small changes in the twist angle, as the
energy gap between the vHs is highly dependent on the
angle.28,29,40 For instance, we observed that the intensity of the
G band decreases by a factor of 2.3 for a 0.8° variation in the
twist angle, and by 5.8 for a 1.4° variation (the phenomenon is
illustrated in the Supporting Information. A nonuniform
distribution of G band intensity across the samples indicates
local heterogeneity, requiring detailed investigations to address
the variations in angle and strain distributions within the
scanned area.

Figure 2 summarizes the results obtained in another sample
with a misorientation angle of ∼6°. Hyperspectral analysis
focused on the G and 2D bands [Figure 2a,b, respectively]
indicates that the prominent changes in these bands’ frequencies
are restricted to the wrinkled regions. Both 2D and G bands
exhibit a shift as they are probed across the nearly vertical line
that separates these two regions, suggesting the existence of a
physical boundary that divides the tBG into distinct areas. The
AFM analysis of this region [Figure 2c] confirms the presence of
a wrinkled structure. The TERS spectral image obtained over
this 1.0 × 0.5 μm2 area reveals two distinct θ domains within the
mapped area. Modifications in the R band were also observed
outside the wrinkled areas, confirming the variation in the twist
angle as the system moves across a buckled region as shown in
Figure 2d. Employing the same analytical procedures as

previously used we estimated the local twist angles, mapped
out in Figure 2e.

5. DISCUSSION
The data previously exposed show the variation of near-field
peak positions of G and 2D bands, that exhibit distinct behavior
in the wrinkled region. The G band peak, observed around 1582
cm−1, shows a moderate shift across the wrinkled area,
accompanied by a significant, monotonic increase in its full
width at half-maximum (fwhm), from 9 to 11.5 cm−1. In
contrast, the 2D band peak position consistently shifts toward
lower wavenumbers within the wrinkled regions, with the
appearance of two distinct peaks, as shown in Figure 3. An
analysis of both 2D band peaks was carried out and yielded the
following result: the right peak (large wavenumbers) remains
stable within the wrinkle, with its fwhm only changing at the
wrinkle’s edges, exhibiting a monotonic increase from 20 to 60
cm−1. Meanwhile, the left peak (low wavenumbers) shows
significant shifts inside the wrinkle. Details are depicted in the
Supporting Information. Additionally, the fwhm of the left peak
increases in regions where the wrinkle morphology gets higher.
This behavior indicates that the 2D band is sensitive to local
buckling formation processes in the tBG system.

To directly investigate the behavior of the 2D band along the
buckled area shown in Figure 1b and in flat regions of tBG,
individual Raman spectra along the linear path depicted in this

Figure 2. Spatially resolved maps of twisted bilayer graphene obtained using TERS and topography measurements. The maps show variations in (a) G
band peak position, (b) 2D band peak position, (c) surface topography, (d) R-band position from the in-plane longitudinal optical (iLO) band and (e)
twist angle (θ). The color scales indicate the range of Raman shifts in cm−1 for each band, height in nanometers for the topography map and twist
degrees for angle distribution, respectively.
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figure are shown in Figure 3a. All positions marked by white dots
in Figure 1b were used to label the explicit spectra from 1 to 9,
allowing the spatial correspondence with locations in the TERS
map. In this analysis, two distinct behaviors are observed: the
emergence of an additional Raman peak at lower wavenumbers
inside the wrinkled area, resulting in a superposition of two
peaks, and the shift of this additional peak along the labeled path,
with the most significant shift occurring at the center of the
wrinkle, at its maximum height. One must notice that the peak at
lower wavenumbers appears only where wrinkled regions are
probed and is more intense than the standard 2D peak observed
at flat regions. In flat regions the 2D peak remains unchanged in
both position and intensity. Both phenomena are visually
represented in Figure 3b,c, where the positions of the left
(additional, hereafter referred as lower wavenumber peak) and
right (standard 2D peak, referred in the following paragraphs as
large wavenumber peak) peaks are indicated by blue dots and
red stars, respectively. It is arguably then whether this shift and
the presence of the additional peak provide unambiguous strain
information about the buckled area. The smooth changes in
peak position also suggest the presence of a strain gradient with
local variations within the tBG wrinkled structure and adjacent
flat layers.

Previous works have used the 2D band Raman shift to
estimate the strain level in atomically thin single layer
graphene.41−45 The origin of the 2D band in graphene, as well

as in tBG, is associated with double-resonance processes
involving the scattering of high-energy phonons near the K
point of the Brillouin zone. In tBG the superposition and
rotation of layers modify the electronic band structure but the
fundamental phonon scattering mechanism remains unchanged
with respect to that of monolayer graphene. Consequently, the
equation should be applicable for estimating strain, although the
resulting values may be understood as an upper limit for strain
values. Such condition is due to the strain distribution between
the two layers, in contrast to the single layer system where it
would be fully applied to one graphene sheet. In order to validate
this approach, we present at the end of this section finite element
modeling calculations that indicate to our approach as a reliable
approximation for correlating strain and the Raman shift in
twisted bilayer graphene.

It is also known that tBG has built-in strain among layers, that
may interfere with in-plane layer accommodation and may
induce local buckle-up phenomena (wrinkling) in graphene
layers. In such case both layers must accumulate sufficient elastic
energy to overcome adhesion forces with the hBN substrate.46

Using a quantitative inherent strain gauge, provided by changes
in the Raman spectrum (see Mohiuddin et al.41 for details), we
directly relate changes in Raman peak positions to the strain
induced in the vicinity of wrinkles. The values of the peak
position of the 2D band can be then directly used as input for the
relation established in ref 41 for in-plane strain

Figure 3. (a) Series of Raman spectra taken at different positions near a wrinkled area, labeled from 1 to 9 and indicated by white dots in Figure 1b. This
data set shows the occurrence of two distinct Raman peaks within the buckled areas of the tBG. The variations in peak position, intensity, and strain for
each peak are analyzed and depicted in subsequent parts of the figure: (b) shows the peak positions, (c) displays the peak intensities, and (d) presents
the calculated strain values, with the lower wavenumber peak represented by blue dots and the large wavenumber peak by red stars. The x-axis in panels
(b−d) depict the position inside the buckled area along its transversal direction, while the left y-axis show the height of the analyzed wrinkle, depicted
by the gray solid line, highlighting the structural features of the graphene’s deformation.
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(1 )2D 2D
0

2D= (1)

where ω2D
0 is the expected peak position of the 2D band in the

absence of strain, namely 2650 cm−1, γ2D is the Grüneisen
parameter for the second order Raman scattering process, and ν
= 0.33 is the in-plane Poisson ratio. Additionally, reference
Mohiuddin et al.41 provides the relation 64cm /%12D ,
used here to calculate the strain for the low wavenumbers and
large wavenumber peaks, providing the result depicted in Figure
3d.

To illustrate analytically the largest possible deviations of the
results obtained, we consider two systems: (i) a single layer
graphene with a lattice parameter af is deposited on an infinite
substrate with a similar lattice parameter as. In such
configuration the host substrate is too rigid and will not deform
by the presence of the one-atom-thick graphene. Considering a
lattice registry between graphene and substrate, any applied
strain (ε∥) can be then determined using the relative difference
between af and as (ε∥ = [af − as]/as). In the opposite (and
realistic) case (ii), a finite substrate with the same thickness and
elastic modulus of the single layer graphene (the second layer in
the tBG) shares the strain imposed on the first layer. Since in this
configuration any strain caused in the upper layer au affects is
shared with the lower layer al the strain must be computed using
the average lattice as the reference value, leading to a modified
relationship between the strain and lattice parameters: ε∥ = 2[au
− al]/[au + al] (see Supporting Information). For large strain
values, such as ε∥ = 0.2, the difference between the infinite and
finite substrate models results in an error of approximately 10%
in strain determination. Conversely, for smaller strain values,
around ε∥ = 0.01, which are the focus of this study, the error is
significantly reduced to approximately 1%.

The strain calculated for the 2D large wavenumber peak is
approximately constant inside the buckled area, with an average
value of 0.4%, as indicated by the red stars in Figure 3d. On the
other hand, the strain calculated using the 2D low wavenumber
peak varies, exhibiting a trend that follows the height profile, as
shown by the blue dots in Figure 3d. We must emphasize that
the strain value for the low wavenumber peak (around 0.2%) is
always larger than the strain calculated using the large
wavenumber peak, ranging from 0.85% at the edge to 1.15% at
the top of the wrinkle, similar results were found in other
samples as depicted in Supporting Information.

Further support to the strain modeling is provided analyzing
the relationship between the 2D and G band frequencies. By
plotting the frequencies of these bands and performing a linear
fit, we identified three distinct regions, all presenting the same
angular coefficient of 2.2, as shown in Figure 4a. The spatial
location of each of these regions is depicted in Figure 4b. The
slope analysis used here to identify strain and doping in
graphene was introduced in reference Lee et al.47 and
successfully applied for analysis in tBG in previous works.16

Lee observed that the relationship between ω2D and ωG remains
linear but exhibits distinct slopes depending on graphene
conditions, with values of 2.2 for strain (isodoping), 0.75 for p-
type doping.

Since 2D band splits into two peaks inside the wrinkled
region, each exhibiting details of one type of strain, we can plot
them separately to find the spatial distribution in the mapped
region. Figure 5a shows the regions where the 2D band has one
peak (black regions) and where it has two peaks (white regions).
Figure 5b displays the relative intensity between the low

wavenumber peak, ILowwn, (in regions with two peaks) and the
large wavenumber peak intensity, ILargewn, (in regions with one
peak and/or where large wavenumber peak appears in regions
with two 2D band peaks). The intensity of the low wavenumber
peak is consistently higher than that of the large wavenumber
peak (where both coexist), with the most significant intensity
contrast observed around the wrinkle’s center. This indicates
that the wrinkle formation is related to in-plane strain conditions
that require the coexistence of biaxial and uniaxial strain
contributions.

In general, compressive strain results in an upshift of all
Raman peaks, arising from the shortening of the interatomic
bond lengths, while tensile causes a downshift, due to the
elongation of the bond lengths resulting in a weakening of the
vibrational modes. Biaxial strain preserves the hexagonal
symmetry in single layer graphene, leading to an isotropic
expansion or compression of the hexagonal lattice, resulting in a
linear peak shift. Uniaxial strain also results in linear peak shifts
but result in breaking the hexagonal symmetry, which has an
effect on the Raman peak shape.48 The splitting of the 2D peak
discussed previously has been reported whenever the uniaxial
strain exceeds ∼0.5% and is applied along a high-symmetry
axis.42−44,48 In the graphene structure, each K point has three

Figure 4. (a) The ratio between the peak positions of the 2D and G
bands. Linear regressions were carried out on data points, highlighting
three distinct behaviors represented by the different colors. (b) A
reconstructed map based on the points highlighted on the linear
regression. The color code used in the regression corresponds to the
domain colors in the spatial map.
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neighboring K′ points, leading to three contributions to the
scattering process. The relative position of the Dirac points is
therefore disturbed under uniaxial strain, implying that the three
scattering mechanisms connecting K and K′ are no longer
identical.42,43,48 The most probable condition for the uniaxial
strain scenario of wrinkles imply that two of the three possible
scattering mechanisms lead to one 2D peak component, while
the remaining (uniaxially strained) one gives rise to the second
2D peak component. This scenario is more complex at a grain
boundary, depending on if the direction of the strain is parallel or
perpendicular to an armchair edge in graphene.

Besides the presence of uniaxial strain, the observation of
biaxial strain is associated with the peak center shift in regions
with a single peak. The large wavenumber peak is still related to
biaxial strain in regions where two 2D peaks are present. This
allows us to calculate the biaxial strain using eq 1. Figure 5c
shows the map of the calculated biaxial strain, indicating values
ranging from 0.2% to 0.4% both within and outside the wrinkled
area. It is evident that the biaxial strain is almost uniform in these
regions, suggesting it is induced by the layer twist and not
modified upon buckling.

In contrast with isotropic in-plane biaxial strain, local
fluctuations in graphene can lead to deviations that result in a
predominance of uniaxial strain, typically observed at the crests
of wrinkles. Leveraging the findings from Yoon et al.43 where
controlled mapping of applied strain results in 2D band splitting,
we further explore this phenomenon. Consistently with previous
studies (e.g., refs 38, 39 and 40), simultaneous shift in the
Raman modes and the 2D band splitting are retrieved when
strain is externally applied. Both phenomena are used, often
together, to quantify the strain load on the sample. The peak at
low wavenumbers, associated with uniaxial strain, is analyzed to
provide in Figure 5d a map of uniaxial strain, highlighting
remarkable differences from pure biaxial strain scenarios. The
uniaxial strain values, found to range from 0.85% to 1.15%, are
approximately 4 times higher than the biaxial strain values. The
highest uniaxial strain values are located in areas where the

graphene is significantly buckled, corresponding to large values
of layer height. This evidence suggests that uniaxial strain plays a
crucial role in the formation of buckling in these areas, requiring
the use of strain simulations to corroborate such interpretation
(see the following paragraphs). The analytical approach
described here can indeed be extended to estimate the strain
across the entire mapped area by considering both biaxial and
uniaxial strains. In Figure 6a the total in-plane strain values
across the sample are shown.

Further analysis can be carried out evaluating the strain field
evolution by calculating the Laplacian of the in-plane strain data.
The resulting map, displayed in Figure 6b, highlights areas with
the most pronounced lattice changes. These regions are
predominantly retrieved at the borders of wrinkles, where the
onset of buckling-induced changes in elastic energy is observed.
To directly quantify this phenomenon, the elastic energy of the
system is quantitatively evaluated, providing a comprehensive
understanding of the mechanical stresses and their distribution
within the tBG system. The elastic energy U stored inside any
strained structure with a hexagonal lattice system can be
estimated as
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where C11, C12, C13 and C33 are the elastic constants of the
graphene stress−strain tensor. The values for these coefficients
were estimated in previous works,49 in which 1109, 275, 0.59,
and 36.5 GPa, were ascribed to C11, C12, C13 and C33,
respectively. An elastic energy map is shown in Figure 6c. Our
calculations using experimental Raman data in the wrinkled
regions retrieved values up to 12 meV/atom, indicating that
buckling stability may be overcome at mild annealing temper-
atures near 700 K. This temperature is roughly two times the
elastic energy stored in two graphene unit cells (96 meV,
accounting for the upper and lower sheets) in a wrinkled region
and may remove the system from local energy minima achieved

Figure 5. : (a) Binary map of regions where the 2D band exhibits one peak (black) and regions where it shows two peaks (white). (b) Grayscale map
showing the relative intensity of the low wavenumber peak compared to the large wavenumber peak. (c) Map of the calculated biaxial strain for regions
with a single 2D peak and/or the low wavenumber 2D peak where two peaks are present. (d) Map of the calculated uniaxial strain using the large
wavenumber 2D peak in regions where two peaks are observed.
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upon tBG buckling. Further research is necessary to assess the
evolution of strain in graphene bilayers within this temperature
range, where thermal dynamics can become crucial for
modifying the buckling distribution in the twisted bilayer
graphene (tBG) system prior to device fabrication.

At this point one may argue about possible variations between
single layer graphene and tBG elastic constants and the
possibility to simulate wrinkles in this system. Previous works
from our group34,35 have dealt with rolling-up graphene in large
areas under controlled conditions, achieving radii down to 500
nm.35 These experiments were performed in 1, 2, and 3 stacked
graphene layers. The most remarkable changes take place from 1
graphene layer, where E = 800 ± 30 GPa was retrieved, to 2
graphene layers, where E = 700 ± 40 GPa was found (a similar
value was found for 3 graphene layers). In all cases the in-plane
Poisson ratio remains the same: ν = 0.20 ± 0.02. Since large area
CVD graphene sheets were used no specific crystalline registry
was observed among stacked graphene layers. We therefore
assume in the following continuum elastic simulations that 800
GPa is the upper limit for tBG Young Modulus, while the
multilayer graphene Young modulus represents a lower limit.
Since the corroboration of strain anisotropy scenario is crucial

for buckling investigation, we fixed EtBG = 750 GPa along the
following calculations. This implies in a conservative error
estimation of ∼6% for our findings.

To deepen our understanding of wrinkle formation triggered
by nonuniform strain, we developed a simplified finite element
model (FEM). This model approach is particularly beneficial for
examining the effects of strain inhomogeneity under realistic
conditions, providing a clearer picture of how these factors
influence material behavior at the nanoscale. A slice of 10° of a
circle with a 2.5 μm radius was created, and the anisotropic
single layer graphene elastic constants from Bosak et al.49 were
introduced with a modification of ∼6% in values in order to yield
EtBG = 750 GPa (as discussed above). These constants were then
set into two continuous graphene sheets with a thickness of 1.5 Å
each. One of the in-plane axes for the lower graphene layer was
aligned with a crystal in-plane direction (a or b in the unit cell) to
facilitate result interpretation. Although the layer thickness may
indicate the need to use atomistic models in the out-of-plane
direction, graphene sheets can be approximated by continuous
elasticity systems along the in-plane direction whenever the
crystalline grain size is larger than a few microns (see, e.g., refs 34
and 35).

In our finite element model (FEM) simulations, we
introduced several combinations of strain values ranging from
0 to 1.5% between the graphene sheets at the outer and inner
areas of the slice. The boundary condition for the outermost part
of the bilayer graphene slice, positioned 2.5 μm from the center
of the wrinkle, was set as fixed (the outer rim cannot be
displaced). This condition represents a finite distance for strain
relaxation in the flat areas of graphene. To replicate the 60 nm
wrinkle height observed in the AFM data of Figure 1b, we set the
biaxial strain at 0.25% in the outer regions of the simulated
bilayer.

In the inner regions, a larger strain value was necessary to
achieve the observed wrinkle height and to align with the
expected Raman strain distribution. This was accomplished by
imposing a 1.15% uniaxial strain. It is important to note that in
the FEM simulation, achieving higher buckling configurations in
the inner region required adjusting the strain values due to the
lattice symmetry and the anisotropic elastic properties of
graphene. Specifically, the radial strain (along the slice’s lateral
axis) was kept at 0.25%, while the tangential in-plane strain was
set at 1.15%.

This configuration demonstrates that wrinkling can effectively
relax strain along its transversal axis. Additionally, our results
indicate that such buckling does not modify the system
condition below the original 0.25% biaxial strain caused by the
bilayer twist, which remains unchanged in the wrinkled area.
The elastic energy observed in the FEM simulations for the
graphene wrinkles was found to be in the range of 8−11 meV/
atom, corroborating the experimental findings presented in the
lower panel of Figure 7a. This alignment between simulation and
experimental data highlights the effectiveness of our model in
capturing the complex mechanical behavior of strained bilayer
graphene. The results also imply that EtBG = 750 ± 50 GPa is a
reliable approximation in this system.

The deviation noted in the solid blue line fit in Figure 7b,
comparing simulated and AFM height profiles at the wrinkle’s
base, is attributed to the simplified, abrupt transition used in the
FEM model between the in-plane outer and inner regions.
Implementing a smoother transition in the model, which would
account for gradual changes in uniaxial strain across these
regions requires a larger set of variables which may need changes

Figure 6. (a) Total in-plane strain mapping obtained from hyper-
spectral analyses correlating the peak positions of the 2D band. (b) In-
plane Laplacian of the strain map, highlighting the more pronounced
strain changes surrounding wrinkled areas. (c) Elastic energy in meV/
atom calculated for a hexagonal lattice system.
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depending on wrinkle crystallographic orientation, losing its
broad character.

In Figure 8, we illustrate the close agreement between the
finite element model (FEM) simulation, which incorporates
0.25% biaxial strain in the outer region and 1.15% uniaxial strain
in the inner region (expressed in terms of its quantitative
difference to the biaxial strain), and the atomic force microscopy
(AFM) data derived from Figure 1b, as well as other buckled
regions of the sample. It becomes then possible to assess
whether the strain interpretations accurately reflect the behavior
across wrinkles with varying heights. To explore this, we
adjusted the radius of the inner region in our finite element
model (FEM) from 10 to 500 nm, in increments of 10 steps,
effectively altering the diameter of the buckled area from 20 to
1000 nm. We then varied the uniaxial strain along the tangential
direction in increments of 0.05%, maintaining a constant 0.25%
biaxial strain in the outer region and a 0.25% radial strain in the
inner region. In all scenarios, an upward buckling of the bilayer
was induced (as opposed to downward buckling, which occurs
under negative or tensile strain values). The resulting data on the
maximum height of the buckled FEM layers established upper
and lower boundaries for the differences between uniaxial and
biaxial in-plane strains, set at 0.70% and 0.95% (represented by
blue and pink dashed lines, respectively). These specific values
were selected to establish practical lower and upper bounds for
the uniaxial tangential strain, corresponding to uniaxial strains of
0.95% to 1.20%, respectively.

In most instances, particularly for wrinkles with a lateral base
size exceeding 100 nm, a tangential uniaxial strain that is 0.85%
larger than the biaxial strain predominates in this configuration
of twisted bilayer graphene (tBG). However, distinct in-plane
strain conditions are observed for wrinkles with reduced heights
(below 15 nm) and smaller lateral sizes (below 100 nm). For
larger lateral sizes, exceeding 300 nm, a threshold wrinkle height
of approximately 75 nm is consistently observed in the studied
area. Notably, no heights above this threshold were recorded
experimentally in our sample, suggesting that both in-plane
boundary conditions and inhomogeneities in the bilayer van der
Waals interactions contribute to stabilizing the height of the
resulting structures. These inhomogeneities at the atomic level
likely induce the local maximum absolute 1.15% in-plane strain,
which is then anisotropically released during wrinkle formation.

By reproducing this data set our model shows its ability to
replicate in a simple form the wrinkle formation observed in
twisted bilayer graphene (tBG). Additional simulations that
employed purely biaxial strain across both regions failed to
replicate the wrinkle height cross-section with parameters like
those obtained from tip-enhanced Raman scattering (TERS)
measurements.

This comparative analysis demonstrates that our FEM model
effectively captures the essential characteristics of strain-induced
wrinkle formation in tBG, offering valuable insights into the
dynamics of biaxial and quasi-uniaxial strains. These insights are
crucial for understanding how different strain configurations
influence the topographical features of tBG, enhancing our
ability to predict and manipulate these structures in practical
applications. FEM simulations highlight the critical role of
uniaxial in-plane strain and boundary conditions in both the
formation and stability of wrinkled regions, thereby enhancing
our understanding of strain-induced phenomena in twisted
bilayer graphene. This knowledge is vital for predicting and
controlling the mechanical stability and electronic properties of
tBG, which is key for the development of advanced graphene-
based technologies.

Figure 7. (a) FEM simulation result of strain and elastic energy for a
graphene bilayer with a constant 0.25% in-plane biaxial strain in the
outer region (see figure) and additional 1.15% uniaxial in-plane strain in
the inner region. The simulation has cylindrical symmetry in the
graphene layer plane. (b) Superposition of FEM simulations (lines) and
AFM data (dots) for a wrinkle with 250 nm lateral base size measured
by AFM. The solid line represents the best fit with biaxial strain in the
outer region and a pronounced uniaxial strain in the inner region (see
text for details). Dashed lines accounting distinct proportions of
uniaxial and biaxial strain are also displayed for clarity.

Figure 8. Plot of wrinkle height AFM measurements (dots) as a
function of wrinkle lateral size at the base for distinct wrinkles regions in
our sample. Dashed lines represent expected continuum elasticity
behavior simulated using FEM for two distinct anisotropic strain values
for larger tangential uniaxial strain relatively to the local biaxial values:
0.70% (blue line) and 0.95% (pink line). In all cases a biaxial strain of
0.25% was set at the outer FEM simulated region, with a similar value
holding for the inner region strain along the radial direction.
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Finally, there is an increasing interest in low twist tBG
configurations since it leads to desired changes in electronic
structure and does not induce strong wrinkling phenomenon as
discussed in our work. A general qualitative scenario for
wrinkling/buckling occurrence can be described as follows.
Elastic and plastic relaxation have an interplay in graphene
systems that strongly depend on domain (grain) size. Grain
boundaries can deform the lattice without following continuum
elasticity processes, that are at the origin of wrinkling
phenomena. If the system is subjected to a reduced twist
angle, and consequently a small in-plane strain, it may happen
that the expected elastic relaxation takes place at the grain
boundaries and no buckling is observed (for micrometer-sized
single-crystalline regions). On the other hand, if large twist
angles are induced, impling in in-plane strain conditions where
sufficient elastic energy is stored for a reduced graphene layer
area. Such condition will drive the system into the generation of
morphological features (wrinkles, buckled regions) that locally
affects the spatial strain distribution. As the in-plane strain
increases, one expects to observe a larger density of wrinkled
regions. Therefore, such interplays of domain size and twist
angle/strain must be taken into consideration in order to
minimize or suppress buckling in tBG systems.

6. CONCLUSION
In summary, our study demonstrates that the mismatch angle in
the bilayer graphene can induce strain conditions with enough
stored elastic energy to generate localized strain gradients,
leading to the formation of buckled regions. We quantified local
strain variations using tip-enhanced Raman spectroscopy
(TERS), which enabled the evaluation of Raman peak shifts
on a nanometric scale. Notably, the emergence of a new peak
within the wrinkled regions allowed us to distinguish between
uniaxial and biaxial strain influences, providing an evidence of
anisotropic strain conditions in these features.

Our findings indicate that uniaxial strain plays a pivotal role in
the formation of wrinkles. Through detailed analysis of the strain
and its gradients, we were able to estimate the elastic energy
involved, providing experimental evidence of the energies that
drive the wrinkling processes within this system. To further
understand the topographical changes associated with these
strain conditions, we developed a finite element model (FEM)
that incorporates nonuniform strain and its consequences to the
observed morphologies. This model showed good agreement
with our experimental observations and was able to capture the
most relevant aspects of wrinkles in tBG, such as wrinkle height
and stored elastic energy. The findings support the condition of
anisotropic, strong uniaxial in-plane strain as the primary driving
force behind wrinkle formation, under conditions where wrinkle
radial strain is relaxed while a larger tangential strain persists at
the borders of buckled regions.

These conditions manifest as nanoscale features in tBG flakes,
with wrinkle heights ranging from 5 to 80 nm and wrinkle-to-
wrinkle separations larger than hundreds of nanometers,
indicating that wrinkling is a mechanism for overall graphene
sheet accommodation. Our research enhances the under-
standing of mechanical and structural dynamics in tBG,
providing valuable insights that could lead to the development
of strategies for engineering graphene-based materials with
tailored properties, including thermal treatments in tBG after
deposition for minimization of buckling effects.

Besides the expected electronic modifications that take place
due to the twist angle in tBG systems, changes of surface

chemical activity may also take place. The spatial distribution of
biaxial and uniaxial strain and the consequent variations in local
electronic density and elastic energy are sufficiently strong to
generate preferential sites for adsorption of molecules,
nucleation and clustering of adatoms upon deposition and
enhancement/reduction of local chemical selectivity. Such
conditions vary according to the density of wrinkles and the
stored elastic energy and strain imposed by the twist angle, and
play the role of an additional degree of freedom for surface
chemical activity. They are able to potentialize the use of tBG for
tuning the performance of devices that depend on electro-
chemical response such as sensors.
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