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ABSTRACT
2D materials provide a rapidly expanding platform for the observation of novel physical phenomena and for the realization of cutting-
edge optoelectronic devices. In addition to their peculiar individual characteristics, 2D materials can be stacked into complex van der Waals
heterostructures, greatly expanding their potential. Moreover, thanks to their excellent stretchability, strain can be used as a powerful control
knob to tune or boost many of their properties. Here, we present a novel method to reliably and repeatedly apply a high uniaxial tensile strain
to suspended van der Waals heterostructures. The reported device is engineered starting from a silicon-on-insulator substrate, allowing for
the realization of suspended silicon beams that can amplify the applied strain. The strain module functionality is demonstrated using single-
and double-layer graphene layers stacked with a multilayered hexagonal boron nitride flake. The heterostructures can be uniaxially strained,
respectively, up to ∼1.2% and ∼1.8%.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166460

I. INTRODUCTION

The discovery and synthesis of many 2D materials have
equipped researchers with a large variety of options for the real-
ization of novel optoelectronic devices. Many of these materials are
predicted to possess highly desirable electrical, optical, and mechan-
ical properties. In particular, 2D materials are extremely flexible
and can withstand enormous elastic deformations without display-
ing any plasticity. This offers a powerful control knob over many
properties of the 2D materials, as strain can be a very effective way
to tune and improve the optical, electrical, and thermal responses.
For example, strain can be successfully employed to open a bandgap
in graphene1 or to tune the electronic properties of semiconduct-
ing transition metal dichalcogenides (TMDs),2–5 but also to vary
the charge carrier effective masses,6 the thermal conductivity,7,8 the
dielectric properties,6 and the spin–orbit coupling.9,10 Many meth-
ods for applying strain to 2D materials have been proposed and
realized experimentally. A simple but effective technique requires
the pre-patterning of a substrate to form holes, trenches, or hills. 2D

materials are then deposited on top of these structures, and inhomo-
geneous strain arises as an effect of the relaxation of the 2D flakes
on top of the hills and trenches;10 in this case, the strain level is very
low and fixed. The deformation can be vastly increased by the appli-
cation of an external load on a 2D flake suspended over a hole or
a trench by using an AFM cantilever.11 Another method for cre-
ating strain gradients is based on the formation of wrinkles.12 Yet,
a different approach is needed in order to uniformly and precisely
strain a 2D material. A successful technique relies on the interac-
tion that is formed between the 2D flake and a flexible substrate;
through the deformation of the substrate, it is possible to transfer
a certain level of strain to the 2D material.13–18 These approaches
require the 2D material to be in direct contact with the flexible
substrate in order to transfer strain. However, extrinsic scattering
arising from the interaction with the substrate can result in a degra-
dation of the electrical properties of the 2D material.19 This problem
can be solved by suspending the strained flake or by encapsulating
it with insulating van der Waals materials, such as hexagonal boron
nitride (hBN).20 Suspended graphene was successfully strained up
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to 1% using comb-drive actuators,21 but the fabrication process is
highly complex and requires an electron beam lithography step.
Here, we present a novel method for applying uniaxial tensile strain
to suspended and encapsulated 2D materials using micromechan-
ical straining devices (MSDs), which we have previously shown to
be able to uniaxially strain Ge nanowires up to ∼5%.22 For demon-
stration purposes, we investigated the application of tensile strain
to suspended single- and double-layer graphene flakes. By compar-
ing the Raman signature to simulated spectra, we show that the 2D
materials can be strained uniformly and uniaxially up to ∼1.8% in a
reproducible way.

II. DISCUSSION
The MSD fabrication process, shown in panels (a)–(h) in Fig. 1,

starts with a silicon-on-insulator (SOI) substrate with a handle wafer

thickness of 500 μm, a device layer (DL) thickness of 3 μm, and a
1 μm thick buried oxide (BOX) layer. A trench with a width of
∼1.5 μm is patterned using optical lithography, followed by reactive
ion etching (RIE); see Figs. 1(b) and 1(c). Subsequently, the BOX is
etched using buffered hydrofluoric acid (BHF). The sample is kept
in the BHF for a prolonged time until the BHF diffuses under the
device layer and under-etches the oxide by ∼120 μm, forming two
freestanding Si beams [Fig. 1(d)]. Then, to electrically isolate the two
beams, 300 nm thick SiO2 is grown through a wet thermal oxidation
process [Fig. 1(e)]. This reduces the width of the trench down to
1 μm. Once this step is completed, the flake to be strained can be
transferred onto the device. This is achieved by recurring to a dry-
viscoelastic transfer method, where a polymer-based stamp is used
to pick up 2D materials through a temperature-assisted process.23,24

Here, we rely on a polymeric stamp composed of polypropylene car-
bonate (PPC) and polydimethylsiloxane (PDMS), fixed on a glass

FIG. 1. Schematic representation of all the process steps required for the fabrication of the strain device: (a) The starting substrate, a SOI wafer, is composed of a 3 μm thick
Si device layer (purple) on a 1 μm thick BOX (blue). The handle Si layer (gray) is 500 μm thick. (b) Resist is added to the wafer and patterned through optical lithography. (c)
A trench is etched using RIE until the BOX is reached. (d) The BOX is under-etched using a BHF-based wet process. (e) The resulting beams are passivated by a thermally
grown, 300 nm-thick SiO2 layer. (f) The target 2D flake is transferred onto the strain device. (g) Resist is added and patterned through optical lithography. (h) A Ti/Au metallic
layer is evaporated onto the sample. After lift-off, the flake is pinned down onto the strain device, with the exposed portion being positioned on the trench. (i) An optical
microscope image showing the result of the previous steps (a)–(h). The false colors show the position of the metallic layer (yellow), pinning down the flake (blue). In red, the
exposed part of the flake is located across the trench. (j) A schematic representation of how strain is applied to the flake. Utilizing a three point method, pressure is applied
at the locations indicated by the red arrows. The under-etched region allows us to multiply the intensity of the applied strain. (k) Photography showing the mounting stage.
The chip is mounted in the center and anchored under the two specified points. By rotating the micrometer head, the cylinder is moved, increasing the strain applied to the
sample.
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slide by Scotch tape. The glass slide is then attached to a micro-
manipulator, allowing precise positioning of the transfer stamp. A
flake of multilayer hexagonal boron nitride (hBN) is first picked up
using the polymeric stamp. This hBN flake serves as a contact layer
for the target 2D layer, which can be picked up while ensuring the
best possible encapsulation.

In this work, we have investigated the uniaxial tensile strain-
ing of suspended single-layer and double-layer graphene flakes. The
choice of using graphene for testing this new strain approach is well
supported by the fact that this material has intensively been investi-
gated in the past, providing useful information for the determination
of the effectively applied deformation.25 The stack formed by the 2D
layer and its hBN carrier is then deposited across the trench of the
straining device [Fig. 1(f)]. Once released over the trench, the stack
is able to relax. The thicker hBN flake, thanks to its rigidity, prevents
the 2D layer from hanging down into the trench. After positioning
the flake, the trench is filled using LOR3A resist, and, afterward, an
additional AZ5214 resist layer is spun on top of the device. The resist
is patterned through photolithography, obtaining a resist layer that
covers the suspended part of the flake [Fig. 1(g)]. Finally, a 5 nm
thick Ti adhesion layer, followed by a 200 nm thick Au layer, is evap-
orated on top of the device. The metal layer has the role of fixing the
stack during strain through friction. At the end of the lift-off pro-
cess [Fig. 1(h)], the stack is fixed on top of the trench, ready to be
strained. A false-color SEM image of the final device can be seen
in Fig. 1(i), where a single-layer graphene flake covered by a mul-
tilayer hBN flake is positioned over the trench and pinned down
by the evaporated metallic layer. The region of the stack that will
be strained is evidenced in red, while the area covered and fixed by
the metallic layer is highlighted in blue. Once the sample is com-
pleted, it can be inserted into a three-point bending device. In this
way, pressure can be applied at the two sides of the MSD as well as
from the backside, as shown by the red arrows in Fig. 1(j). As calcu-
lated previously,22 the strain that is generated into the top surface
of the SOI layer is increased by a factor u

g , where g is the trench
width and u is the under-etch length. The maximum strain level
that can be theoretically achieved in the gap region by this strain
device is up to 36%. In practice, once the strain level reaches either
the rupture point of the strained material or the maximum force that
can be sustained by the fixing metal layer, the strain device will fail,
thus limiting the maximum strain. Additional photos of the real-
ized strain devices and a more detailed description of how strain
is applied to the target material can be found in the supplementary
material.

The final device is then moved under a confocal μ-Raman spec-
troscopy setup. Here, the laser beam is focused on the suspended
part of the flake, effectively measuring the Raman response while
the target material gets stretched. The strain can be applied and
increased by rotating the micrometer head. Initially, a single-layer
graphene flake is chosen as the target. This choice is based on the fact
that the effect of strain on the optical phonon modes in graphene
has been intensively investigated,25 allowing us to easily assess the
performance of the strain device directly using Raman spectroscopy.
In order to measure the applied strain, we focus on the G peak of
graphene, which corresponds to the doubly degenerate E2G phonon
at the center of the Brillouin zone and has a frequency ωG0 = 1590
cm−1 for an unstrained layer. The degeneracy is lifted with the
application of uniaxial strain to the graphene layer due to the

asymmetry of the deformation. Therefore, two peaks can be
observed, G+ and G−, with a Raman frequency of, respectively, ωG+
and ωG− , in accordance with the previously used nomenclature.25 By
calculating the spectral shift of the G+ and G− peaks with respect
to the unstrained peak—i.e., ΔωG± = ωG± − ωG0 —it is possible to
retrieve the applied strain,

ΔωG± = −ωG0 γG0(1 − ν)ε ± 1
2

βG0 ωG0(1 + ν)ε,

where

γG0 = −
1

ωG0

∂ωh
G0

∂εh

and

βG0 =
1

ωG0

∂ωs
G0

∂εs

with εh and εs indicating, respectively, the hydrostatic and shear
components of the applied strain, γG0 is the Grüneisen parameter
for the E2G phonon mode, βG0 is the shear deformation potential,
ωG0 is the position of the G peak for the unstrained layer, and ν is the
Poisson’s ratio of the strained material. For a freestanding graphene
layer, all these parameters are reported in the literature.25,26 Notice,
however, that in the present work, graphene is in contact with the
handling hBN layer. This might alter the observed shift of the Raman
peaks for a certain strain, as the Poisson ratio is influenced by
the mechanical properties of the handling layer. The Raman spec-
tra observed for different strain levels are shown in Fig. 2(a). As
expected, the G mode is separated into the G+ and G− components.
The spectra are fitted using the Lorentzian function, as indicated by
the shadowed areas in the figure, allowing us to obtain the position
of the peaks. Considering the quantity

ΔωG+ + ΔωG−

ΔωG+ − ΔωG−
= −2γG0

βG0

(1 − ν)
(1 + ν) ,

we can extract the observed Poisson ratio, as this quantity is inde-
pendent of the applied strain. From this, we obtain ν = 0.28 ± 0.045.
This seemingly unnatural result, larger than both νhBN = 0.211 and
νgraphene = 0.165,27 is, however, statistically compatible with the for-
mer value while clearly deviating from the latter one. This indicates
that the hBN handling layer has a non-negligible effect on the strain
behavior of the graphene layer. To account for the effect of the
hBN layer, we carry out first-principles calculations of the Raman
spectra of single-layer graphene under the application of uniaxial
tensile strain in the freestanding case [Fig. 2(b)] and assuming per-
fect contact with a hBN monolayer [Fig. 2(c)]. From our results, it
can be clearly seen that the peak divergence is less pronounced for
the hBN/graphene stack. Based on the previously reported observa-
tion that the hBN is influencing the strain behavior of the graphene
layer, we use the parameters reported in Fig. 2(c) to extract the
applied strain, thereby assuming a shift of −12.6 ± 0.6%−1 cm−1

for the G− peak and of −34.1 ± 0.6%−1 cm−1 for the G+ peak.
The peak positions are finally plotted with respect to the extracted
strain in Fig. 2(d), showing that the graphene flake can be strained
up to 1.2%.

A similar approach is then followed in the case of bilayer
graphene. The target flake is identified using Raman spectroscopy
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FIG. 2. A single layer graphene flake is placed across the trench using an hBN flake as the handling layer. (a) Raman spectra collected upon application of tensile strain to the
graphene flake. The examined spectral region is focused on the G peak, which subdivides into G+ and G− upon strain application. The strain is estimated using the G+ and
G− positions and the parameters extrapolated from simulations. (b) and (c) First-principles calculations of the position of the G+ and G− peaks for a single layer graphene
in, respectively, a freestanding configuration and when in contact with an hBN flake. (d) Position of the Raman peaks in relation to the estimated strain values, showing a
maximum applied strain of ∼1.2%.

and transferred to the strain device following the same procedure
used for the single layer flake. Once fixed, bilayer graphene can be
strained by increasing the gap width of the strain device. As before,
Raman spectroscopy is used to precisely determine the applied strain
by comparing the G peak shift and split with first-principles calcu-
lations, as shown in Figs. 3(a) and 3(b). Remarkably, after applying
an initial strain level of 1.2%, a third G peak, defined here as G∗, can
be observed appearing in the Raman spectrum. The position of the
new peak is then stable upon further increases in the applied strain.
Clearly, the position of G∗ is close to the one observed for unstrained
single-layer graphene, implying that one of the two layers compos-
ing the flake has relaxed into the unstrained configuration, while the
other is kept strained. Once the strain device is relaxed, the three
peaks move back to the starting configuration, showing that all lay-
ers are once again unstrained. When the strain is further applied,
the two layers are still able to be separated, with one remaining
relaxed while the second being strained. In order to correctly esti-
mate the applied strain, one has to take into consideration that, after
the appearance of the G∗ peak, only one layer is actively strained.
For this reason, the strain values shown in Fig. 3 are obtained using
the parameters estimated for a bilayer graphene flake upon the

appearance of the G∗ peak, while the single-layer graphene para-
meters are used thereafter. It is important to note that with this
device, one can freely move and stretch one layer of graphene next
to an unstrained one, thereby allowing one to tune the degree of lat-
tice mismatch. This enables the realization of a Moiré superlattice,
potentially using any kind of multilayered van der Waals material, a
construct that has been shown to hold exotic electrical, optical, and
magnetic properties.28–31

The strain estimation has been based entirely on the analy-
sis of the Raman spectra of the single- and double-layer graphene
flakes. Nevertheless, the hBN handling layer is also subjected to
a tensile strain. Figure S1 shows the hBN E2g Raman spectra for
the unstrained and maximally strained configurations. In the latter
case, an additional shoulder is observable on the left hand side of
the E2g peak. By fitting the spectrum with a dual-peak model, the
main peak is found to be centered at 1365.02 ± 0.03 cm−1, in accor-
dance with the value expected for an unstrained multilayer hBN
flake.32 The position of the additional shoulder is estimated to be
∼1337 ± 1 cm−1, resulting in a shift of ∼−28 cm−1. This result is com-
patible with an applied tensile strain of ∼1.87% for a multilayer hBN
flake,33 a very similar value to the one estimated for the graphene
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FIG. 3. A double layer graphene flake is placed on the strain device. (a) Raman spectra collected upon application of tensile strain to the target flake. It is possible to observe,
initially, the splitting of the G peak, similarly to Fig. 2. When the strain surpasses ∼1.2%, a new peak (G∗) appears. The strain value is calculated by comparing the measured
peak shift to data extracted from first-principles calculations, as shown in (b). (c) Position of the Raman peaks in relation to the estimated strain values. The position of the
G∗ peak is stable upon strain increase. The maximum applied strain is ∼1.8%.

layer. This result confirms the validity of the strain values obtained
from the analysis of the graphene Raman spectra. At the same time, it
shows that tensile strain can be transferred to the encapsulating hBN
layer, proving the capability of the device to strain a van der Waals
stack. However, it must be noted that the hBN layer is much thicker
than the target graphene. Only a certain number of hBN layers can
be successfully strained, as certified by the appearance of the shoul-
der in the Raman signal, while the others remain relaxed, giving rise
to the unshifted E2g peak.

It must be noted that the maximum achieved strain is well
below the theoretical maximum that could be obtained using the
described straining device, as the same architecture was able to gen-
erate up to ∼5% tensile strain in Ge nanowires.22 This shows that
the limiting factor is represented by the capability of pinning the 2D
flake on top of the straining device when stretched. Ultimately, it
can be assumed that the flake is slipping away from the metallic con-
tacts, resulting in the failure of the device. A possible solution would
be to change the contact material in order to achieve a better grip
between the 2D flake and the strain device. Alternatively, nanoholes
can be milled into the 2D flake using a focused ion beam,34 leading
to the realization of a much stronger contact between the metallic

layer and the target 2D material. When comparing the results
obtained here with other strain experiments reported in the liter-
ature, as summarized in Table 1 (see the supplementary material),
it is noticeable that higher strain levels can be obtained recurring
to methods based on flexible substrates by reducing the slippage
of the 2D flakes through, for example, an innovative method using
adamantane coating.18 As discussed earlier, further improvements
to our design could reduce the slippage of the flakes, improving the
maximum achievable strain. Nevertheless, it must be clear that the
main advantage of the technique discussed in this work is repre-
sented by the ability to strain suspended flakes, thereby avoiding any
contact with a substrate. This is fundamental for extracting the best
performances from a 2D material-based device, as the interaction
with a substrate can induce unwanted doping35 or changes to the
bandstructure36 as well as introduce traps and defects that strongly
affect the charge transport behavior.19 It is worth noting that the
method proposed here is compatible with any 2D materials that can
be exfoliated and transferred. In addition, by coating the suspended
beams of the strain chip with a metallic layer, thus ensuring an elec-
trical contact between the 2D flake and the pads, it will be possible
to measure the electrical transport across the strained 2D materials,
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similarly to what has been done for nanowires.22 This method has
a great potential for enabling a deeper investigation of the effects of
strain in a variety of suspended 2D flakes, where strain has already
been proven to tune the material properties, such as TMDs, which
have shown a high sensitivity toward deformations,37 as well as black
phosphorous38 and materials of the MXene family39 or of the Xene
family.40 Possible future applications of the platform are the study
of carrier mobility enhancement through the application of strain
as well as the realization of strain-tunable photodetectors, following
what has been done with MoS2,17,41 with the advantage of working
with a suspended material, unperturbed by the interaction with the
substrate.

III. CONCLUSION
We have here demonstrated the realization of a straining device

that can be used to strain 2D materials with an arbitrary number
of layers up to ∼1.8% in a reproducible way. The applied strain
is tracked using confocal μ-Raman spectroscopy, as the collected
spectrum is strongly affected by the lattice changes induced by the
strain. The realized device has the capability of straining freestand-
ing 2D layers without the request of a flexible substrate to induce the
deformation. With minimal updates, this method will also enable
the measurement of electrical transport in strained 2D layers. In
addition, we have demonstrated that this approach also enables
us to strain only one layer of a bilayer graphene flake, possibly
enabling the realization of lattice mismatch-induced Moiré superlat-
tices, a platform that could enable the observation of exotic physical
properties.

IV. METHODS
A. Strain device fabrication

Silicon-on-insulator (SOI) substrates characterized by a 500 μm
thick handle layer (HL), a 3 μm thick device layer (DL), and a 1 μm
thick buried-oxide (BOX) are used. The substrate is initially cleaned
using a combination of acetone and isopropanol baths, deionized
water rinsing, and a final oxygen plasma treatment. Trenches with a
width of ∼1 μm are patterned by optical lithography into a layer of
AZ5214E positive resist. The exposed areas are etched away using an
Oxford Instruments RIE ICP-65, using an SF6/O2-based process, at
a temperature of −108○. An interferometer signal allows us to stop
the etching process as soon as the BOX layer is reached. The BOX
is etched starting from the trenches using 40% diluted hydrofluoric
acid (HF), defining the two suspended beams. The Si beams are par-
tially oxidized in an ATV PEO-601 furnace. The target 2D material
is moved to the trench using a dry-transfer technique based on a
PDMS/PPC stamp after filling the trenches with a mixture of LOR3A
and AZ5214E resist. After a final lithography step, a 5 nm thick
Ti layer, followed by a 200 nm thick Au layer, is deposited using a
Plassys MEB 550S evaporator.

B. Raman spectroscopy
All the Raman spectra are acquired using a confocal μ-Raman

setup (WITec Alpha 300) in backscattering geometry, equipped with
a Zeiss 100× objective (NA = 0.75, WD = 4 mm). A frequency dou-
bled Nd:YAG laser (λ = 532 nm) is used as an excitation source.

The beam is focused down to a diffraction-limited spot size of
∼720 nm and centered to the suspended part of the flake. The laser
power is adjusted in order to minimize heating effects. The acquired
spectra are smoothed using a Savitzky–Golay filter and fitted using
Lorentzian functions after linear background removal.

C. First-principles calculations
Density-functional theory (DFT) calculations were performed

with the ABINIT code,42,43 using the Local Density Approximation
(LDA) for the exchange–correlation energy, a plane-wave cutoff of
46 Ha, and norm-conserving pseudopotentials. The four- and eight-
atom unit cells of graphene and bilayer graphene were sampled with
a 26 × 45 grid of k-points. The optical phonon frequencies were
obtained within density-functional perturbation theory (DFPT).44

With this computational setup, we obtain frequencies of the Raman
active phonon modes for unstrained bilayer graphene of 890 and
1604 cm−1.

SUPPLEMENTARY MATERIAL

See the supplementary material for an additional Raman spec-
trum of the hBN layer, a table of comparison between this work
and select publications, and additional images of the realized strain
device.
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