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ABSTRACT

We demonstrate a technique to strain two-dimensional hexagonal boron nitride (hBN) and graphene by depositing stressed thin films to
encapsulate exfoliated flakes. We choose optically transparent stressors to be able to analyze strain in 2D flakes through Raman spectroscopy.
Combining thickness-dependent analyses of Raman peak shifts with atomistic simulations of hBN and graphene, we can explore layer-by-
layer strain transfer in these materials. hBN and graphene show strain transfer into the top four and two layers of multilayer flakes,
respectively. hBN has been widely used as a protective capping layer for other 2D materials, while graphene has been used as a top gate layer in
various applications. Findings of this work suggest that straining 2D heterostructures with evaporated stressed thin films through the hBN
capping layer or graphene top contact is possible since strain is not limited to a single layer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153935

Two-dimensional (2D) materials offer a range of exceptional
electrical, optical, and mechanical properties, making them a promis-
ing option for the development of advanced electronic or photonic cir-
cuits. These materials have various physical properties that are
sensitive to strain and can be manipulated through mechanical
strain.' * Previously, straining 2D materials has been performed by
macroscale techniques such as bending 2D flakes that are exfoliated
onto flexible substrates,” ' creating ripples from exfoliation,” or by
applying differential pressure to suspended membrane structures.’
Nanoscale straining methods also exist, such as exfoliating 2D flakes
onto nanopillars, nano-cones, or nano-indented substrates.'” !> These
techniques have large advantages in engineering nano/microscale
strain in 2D systems but since deterministic device-by-device level
control of strain is limited, all the previous methods have their limita-
tions when applied to 2D systems on-chip in a densely integrated
system.

Strain engineering has also been a key factor in the continued
development of CMOS technology since the early 2000s, enhancing
carrier mobility in individual transistors to overcome challenges in
transistor scaling.” ' Utilizing the same strain engineering concepts
used in Si-based transistor nanomanufacturing, process-induced strain
engineering is also an effective method of straining 2D materials as

well. Similar to stressor layers used in strained-Si CMOS technology,'®
stressed thin films that are deposited onto van der Waals (vdW)
bonded 2D systems can cause strain transfer into the 2D materials due
to the relaxation of stress inside the stressor layer.

In our previous work, we have fully explored strain engineering
in 2D materials using evaporated stressed films. By uniformly deposit-
ing stressed films onto 2D flakes, the films cause uniform tensile or
compressive biaxial strain to be transferred into the 2D material.'’
Using lithographic patterning of the stressors, we have shown that
strain in 2D materials can be geometrically engineered by design for
tension/compression, uniaxiality/biaxiality, and directionality relative
to crystal axes on the micrometer-scale.'® Moreover, we have shown
that these strain engineering techniques are time and temperature sta-
ble, where the 2D flake stays strained for months and at all tempera-
tures.'” This method can be applied to various 2D materials on
various substrates.

Previously, we have shown that in transition metal dichalcoge-
nides (TMDs), such as MoS, and MoTe, using evaporated stressors,
the achieved strain is not uniform in the out-of-plane direction and
the strain has a specific transfer length-scale due to the weak out-of-
plane vdW bonds.”” Since interlayer interactions due to the vdW force
are unique to each 2D material when utilizing process-induced strain
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engineering techniques for other types of 2D materials and 2D hetero-
structures, a direct analysis of the strain transfer length-scale is
required for each system. Here, we study the strain distribution prop-
erties in hexagonal boron nitride (hBN) and graphene, two of the
most important and widely used 2D materials, to enable strain engi-
neering in these materials and their twisted and non-twisted 2D
heterostructures.

hBN is a wide bandgap 2D material with chemical stability and
unique mechanical properties.”'”” It has gained interest as an ideal
substrate as well as a capping layer for other 2D materials, protecting
them from oxidation, decay, and other environmental interac-
tions.””* Since hBN capping is widely employed in the fabrication of
high-quality 2D heterostructures, straining 2D materials through the
hBN capping layer becomes important. We show that strain engineer-
ing of 2D materials by depositing stressed thin films could be
employed in heterostructures with an hBN protective layer since strain
in the out-of-plane direction penetrates multiple layers.

Graphene has also been well studied since its discovery and has
shown interesting electrical and mechanical ~properties.””
Additionally, graphene has a variety of strain tunable properties,”
and micrometer/nano-scale strain engineering in this material can
create additional applications. Understanding the strain transfer
length-scale in graphene will also allow for more complicated strain
patterning of graphene-based vdW heterostructures, especially since
graphene has been widely utilized as a top-gate electrode in many of
these devices. Additionally, studying the strain distribution in the
c-axis of different 2D materials (including graphene) becomes impor-
tant since it makes it possible to engineer strain in individual layers
(heterostrain) in a heterostructure with evaporated stressors on top.

Raman spectroscopy has been a reliable and useful tool to study
strain in 2D materials.”*** Here, we focus on the E¢ Raman mode in
hBN and G band in graphene to characterize strain in our samples to
study strain distribution since these peaks have experimentally and
theoretically shown the most sensitivity to biaxial in-plane strain,”**
In this work, we examine the strain transferred from the stressor into
exfoliated hBN and graphene flakes on SiO,/Si substrates. We have
chosen to evaporate MgO as the stressor layer because of its reliable
and reproducible compressive stress and its transparency to the
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532 nm wavelength probe laser. This way, we may both apply strain to
the 2D material and simultaneously probe it by Raman spectroscopy.
See the supplementary material for details on the fabrication process,
stress measurement, molecular statics (MS) modeling, and Raman
study of stressor encapsulated samples.

The structure of the devices used in this work is presented in
Fig. 1(a) where the exfoliated 2D flakes are fully coated with the
stressor film, and the strain in coated devices is studied with Raman
microscopy. Figure 1(b) illustrates the geometry of strained hBN sam-
ples where the red arrows show the distribution of strain magnitude in
different layers. hBN flakes with thicknesses between 2L and 12L are
coated with the stressor film. The Raman signatures of a 2L and a 4L
device are presented in Fig. 1(c). As expected, the E*¢ Raman mode
(1368 cm"") of hBN shifts down denoting tensile strain transfer into
the 2D hBN flakes.

The same experiment is performed with graphene with the same
thin film stressor layer as presented in Fig. 1(d). Raman signature of a
2L and a 4L graphene sample are presented in Fig. 1(¢) where the
downshift of G band (1580 cm”") means that the flake is under ten-
sile strain. An important observation in Figs. 1(c) and 1(¢) is that the
Raman peak shift in hBN and graphene is quite different between 2L
and 4L, where a larger peak shift is observed in the bilayer of both
materials. This hints that the strain distribution in the c-axis has a spe-
cific distribution in graphene and hBN and the few-layer flakes are not
uniformly strained.

To understand the thickness-dependent distribution of strain,
exfoliated hBN and graphene flakes with accurately identified thick-
nesses are required. Optical identification of flake thickness is a fast
and reliable method that has been used for a variety of 2D materi-
als.”*** We have identified the thickness of the hBN and graphene
flakes using the optical contrast method and confirmed the thickness
by atomic force microscopy and Raman spectroscopy. To increase the
accuracy of thickness identification, the optical image of the flakes is
split into three different color channels: red, blue, and green. The con-
trast of the flake is subtracted by the contrast of the background in
each color channel, and the result is considered the actual color con-
trast of the flake. Figures 2(a) and 2(b) present the color contrasts for
different thicknesses of hBN and graphene, respectively. Figures 2(a)
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FIG. 1. (a) Evaporation of thin film stressors onto exfoliated hBN or graphene samples. (b) and (d) Visual representation of an evaporated compressive MgO stressor expand-
ing to release stress within itself, leading to tensilely strained 2D flakes. The presented strain transfer (smaller red arrows) varies layer-by-layer. Raman spectra of 2 and 4L
hBN (c) and graphene (e) samples demonstrating clear shifts in the E*® and G band phonon modes. Blue spectrum is that of a strained hBN/graphene, black is a control exfoli-
ated hBN/graphene.
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shows the most accurate color to identify the thickness of hBN flakes
on the SiO, substrate, which is the red channel of the optical image
that increases linearly with flake thickness. On the other hand, all
color channels for graphene show linear relation with thickness,
meaning each color channel can be used to identify the thickness of
the flake.

The Raman peak position is extracted from the Raman signal of
control and encapsulated flakes by fitting the peak with a Lorentzian
function. Figure 3(a) presents the Raman peak position for control
and strained hBN. The Raman peak position in hBN has an exponen-
tial relation with the number of layers. However, in strained hBN, the
Raman peak position diverges from the control value as the flake gets
thinner. It implies that the top few layers of hBN are strained, but due
to the weak out-of-plane mechanical coupling among the layers, strain
decays through the c-axis. The reason for this behavior is that the top
layer of the flake regardless of the thickness is strained similarly but
the Raman laser penetrates through the whole flake and the collected
Raman signal is an average of the whole flake thickness. In other
words, the Raman peak shift that is observed in each thickness shows
the average strain in the whole 2D flake. In thicker flakes, the Raman
signal of the strained top layers is averaged with the Raman signal of
the unstrained bottom layers, and we see a smaller peak shift.

Figure 3(b) presents the G band Raman position for control and
strained graphene flakes with various thicknesses. Similar to hBN, the
Raman peak position in graphene also suggests a non-uniform strain
distribution in the c-axis in multilayer graphene as the G band position
diverges for thinner flakes. Comparing Figs. 3(a) and 3(b), it can be
observed that the Raman peak position diverges at thicker samples in
hBN, which hints that in hBN, the strain transfer length-scale is

possibly longer than that in graphene, which could be due to the dif-
ference in out-of-plane vdW interaction in the two materials.

The Raman peak position in strained monolayer samples does
not follow the same trend because the bottom layer is well-adhered to
the substrate [Fig. 3(b)]. Hence, there will be only a negligible amount
of strain transferred to the layer in contact with the substrate (i.c.,
monolayer) compared to the strain in the top layer of thicker flakes
(Fig. S1). The fixed boundary condition is a prerequisite to engineering
strain on 3D substrates, where otherwise complete delamination from
the substrate will occur when stressors are deposited with poor sub-
strate adhesion. This boundary condition can be relieved when the 2D
material is placed upon a 2D substrate in a vdW heterostructure,
where monolayers may then be strained freely. This behavior was first
reported by our group when exploring strain transfer in MoS,,"” where
monolayer MoS; is exfoliated onto hBN flakes and significantly
strained using a similar type of evaporated stressor.

Doping hBN with impurities results in changes in intensity and
FWHM of the Raman peaks and introduces new phonon modes such
as the D and G modes.”” We observed similar peak intensities and
FWHMs of the E?® mode in encapsulated and control bilayer hBN
and no new Raman mode appears, which means the chosen stressor
does not add a doping effect to the hBN flakes. In graphene, strain and
doping have different effects on how the G and 2D Raman modes
shift."’ The Raman peak shift that we see in graphene is purely due to
the strain and no detectable doping or defect from the stressor is
observed in monolayer graphene encapsulated with the same stressor
(Figs. S1 and S2).

To properly characterize the layer-by-layer nature of strain trans-
fer in hBN and graphene, we perform atomistic simulations using a
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molecular statics (MS) approach. Atomistic models of stacked layers
of graphene (Bernal stacking)’' and hBN (AB stacking)™* (2L-12L)
were prepared. To mimic the experimental setup of strain engineering,
an in-plane biaxial loading condition is applied to the top layer, repli-
cating the fully encapsulated flakes while the bottom la eﬁMﬁd to

e2b eﬁ) has
a magnitude of 0.5%, below the interlayer slippage limit in these mate-
rials (0.53% in graphene and 0.68% in hBN***%),

We obtain the strain distribution through the layers and sub-
sequently extract the strain transfer length-scale across their thick-
ness (along c-axis). The simulated atomistic models representing
strain distributed throughout the sample are shown in Figs. 4(a)
and 4(d), while Figs. 4(b) and 4(e) show the average strain within
each layer for 2L-12L hBN and graphene samples, respectively.
The calculated strain transfer magnitude is obtained by averaging
the strain within the whole layer. By increasing the sample thick-
ness in both materials, strain transferred to the layer beneath the

the substrate and has no strain. The biaxial strain (¢ %
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top layer increases because as the sample gets thicker, the second
layer is less impacted by the fixed bottom layer and is freer to be
strained from the top. Moreover, we observe that strain penetrates
significantly up to the top two layers in graphene and the top four
layers in hBN, which implies the strain transfer length-scale is
higher in hBN compared to graphene. Our findings indicate that
approximately 60% and 30% of the strain applied to the top layer of
hBN is observed in the second and third layers, respectively.
Similarly, strain in graphene is not limited to the top layer and
40% of strain applied to the top layer of graphene is observed in the
second layer.

To validate our computational findings, we further compare
these results with experimentally obtained strain transfer length-scale
via Raman peak measurements. Similar to our previous work on
TMDs,' " we first quantify translation factors in hBN and graphene
that convert Raman peak shifts (cm"!) to strain (%) from previous
work on biaxial strain in hBN and graphene.”**~ The Raman measure-
ment of these samples obtained experimentally is a collective measure
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of optical responses from individual layers, which is superimposed to a
single peak.”** To calculate the expected Raman peak shift due to
strain results from the theoretical model, we assume a fixed strain
magnitude (%) in the top layer of different thicknesses and estimate
the strain in other layers based on the data from Figs. 4(b) and 4(¢)
and assign a Raman peak with a Lorentzian function to each layer that
is shifted with the corresponding amount of strain. We then superim-
pose the responses from each layer for each sample thickness to form
a single Raman peak, then extract the peak position of the resulting
response. Finally, the maximum strain in the top layer is adjusted to
confirm that the exponential decay trend of the E? peak in the hBN
and G band in graphene aligns with our experimental findings.

Figures 4(c) and 4(f) present the Raman peak shift due to strain
for different thicknesses of hBN and graphene (extracted from Fig. 3)
and the calculated Raman peak shift based on the simulated strain dis-
tribution. We confirm that the calculated exponential decay trend of
DE?¢ in hBN and DG band in graphene matches quite well with what
we found experimentally. Additionally, the strain in the top layer of
hBN and graphene is estimated to be 0.3% and 0.4%, respectively, by
comparing the estimated top layer Raman peak shift with the transla-
tion factors.”**> The Youngs modulus of hBN and graphene are
reported to be 0.86 and 1 TPa, respectively,”” and when subjected to
equal amounts of stress, graphene is expected to exhibit slightly more
strain than hBN. The reason we are observing smaller strain in hBN is
possibly that in bilayer and trilayer samples, the top layer is bonded to/
affected by the fixed bottom layer and does not feel the same stress as
in the top layer of bilayer or trilayer graphene.

The unique propagation of strain in the c-axis of 2D materials
can be attributed to the weak out-of-plane bonding among layers of
these materials that results in the incomplete transfer of shear traction
between the layers.'® Consequently, there is a decrease in the
amount of traction felt by each successive layer of the 2D flake from
the preceding layer, which is likely the explanation for the observed
decay in strain in the out-of-plane direction of few-layered 2D flakes.
Depending on the strength of interlayer bonding for different 2D
materials, the transfer of traction varies, thus affecting the strain trans-
fer propagation depth.

In this work, we have been able to show that with the deposition
of stressed thin film, we can strain exfoliated 2D hBN and graphene.
By studying the strain in different thicknesses of hBN and graphene
flakes encapsulated with the same stressor film, we show that strain
significantly penetrates two layers in the c-axis of multilayer graphene
while penetrating four layers in multilayer hBN. The strain transfer
length-scale reported here and previously in TMDs’" is unique to each
2D material depending on interlayer vdW coupling. hBN and gra-
phene are widely used as the top dielectric and top contact materials,
respectively, in 2D vdW heterostructures. Knowing that strain is not
limited to only one layer of hBN and graphene means straining 2D
heterostructures with an hBN capping layer or a graphene top contact
is possible using the method of thin film stressor deposition. This may
open the possibility for control over a wide variety of strain-tunable
2D material properties in twisted and non-twisted graphene and hBN
and their 2D heterostructures.

See the supplementary material for Raman spectra and further
discussion on strain and doping effects in graphene, and details about
the experimental and simulation methods.
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