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ABSTRACT: Strain serves as a powerful freedom to eﬀectively,
reversibly, and continuously engineer the physical and chemical
properties of two-dimensional (2D) materials, such as bandgap,
phase diagram, and reaction activity. Although there is a high
demand for full characterization of the strain vector at local points,
it is still very challenging to measure the local strain amplitude and
its direction. Here, we report a novel approach to monitor the local
strain vector in 2D molybdenum diselenide (MoSe2) by polarization-dependent optical second-harmonic generation (SHG). The
strain amplitude can be evaluated from the SHG intensity in a sensitive way (−49% relative change per 1% strain); while the
strain direction can be directly indicated by the evolution of polarization-dependent SHG pattern. In addition, we employ this
technique to investigate the interlayer locking eﬀect in 2H MoSe2 bilayers when the bottom layer is under stretching but the top
layer is free. Our observation, combined with ab initio calculations, demonstrates that the noncovalent interlayer interaction in
2H MoSe2 bilayers is strong enough to transfer the strain of at least 1.4% between the bottom and top layers to prevent interlayer
sliding. Our results establish that SHG is an eﬀective approach for in situ, sensitive, and noninvasive measurement of local strain
vector in noncentrosymmetric 2D materials.
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comparable with the probing beam spot); and only in special
cases when materials have a doubly degenerate in-plane phonon
mode that can split under uniaxial strain, it is possible to
indicate the strain direction by polarization-dependent Raman
spectroscopy.28−30 Nevertheless, there is a great demand for the
development of eﬀective techniques to monitor the local strain
vector with high resolution.
Recently, optical second-harmonic generation (SHG)
microscopy/spectroscopy has been developed to probe the
crystallographic orientation, grain boundaries, and stacking
order of noncentrosymmetric 2D materials, such as TMDCs, hBN, and GaSe.31−39 As the optical ﬁeld of the SHG is
proportional to the nonlinear optical susceptibility, the SHG
intensity is very sensitive to the structural conﬁgurations of 2D

ince the discovery of graphene, two-dimensional (2D)
materials such as transition metal dichalcogenides
(TMDCs), black phosphorus, hexagonal boron nitride (hBN), and other compounds have received extensive attention
due to their fascinating physical properties and potential
applications.1−15 For ﬂexible device design using 2D materials,
it is of signiﬁcant importance to engineer their properties in a
controllable way. Currently, strain engineering represents a very
eﬃcient and powerful route for this purpose, beneﬁting from
the ultraﬂexibility and ultratoughness of 2D materials.16−23
Accordingly, the development of suitable techniques to
precisely characterize both the amplitude and direction of the
local strain vector is a prerequisite for future applications.
Conventionally in electron/neutron microscopy,24,25 photoluminescence (PL) spectroscopy, or Raman spectroscopy,26,27
the strain vector information is typically obtained by mapping
out all the strain amplitude in a 2D plane point by point.
However, it is impossible to measure the in-plane strain
direction with these approaches (for example, the sample size is
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lower energy. The slope is determined to be −36.8 meV/ε, and
E −E
ΔE
the relative change slope ( E ε = ε E 0 , where Eε and E0 stand

materials. In principle, it is plausible to utilize SHG to monitor
the strain in 2D materials, as strain will change the lattice
structure and thus the optical susceptibility of the material. In
this letter, for the ﬁrst time, we utilize the polarizationdependent SHG technique to monitor the local strain vector in
atomic-layer molybdenum diselenide (MoSe2). Our results
demonstrate that this technique can in situ sensitively and
noninvasively probe both the strain amplitude and direction in
monolayer MoSe2 only with a single-point measurement. We
further apply this technique to investigate the interlayer locking
eﬀect in 2H MoSe2 bilayer and ﬁnd that at least 1.4% strain
could be transferred from the bottom layer to the top layer.
In our experiment, triangle-shaped monolayer or bilayer
MoSe2 ﬂakes were grown by chemical vapor deposition (Figure
1a, see Supporting Information (SI) for details). The layer

0

0

for the PL peak energy with and without strain, respectively) is
−0.023/ε (Figure 1d and Figure S1). The slope is consistent
with the previous experiments of MoSe2, and therefore, the
strain amplitude can be calculated from the geometric shape of
the bent substrate23 and the PL peak energy shift. In all studies
below, we use both approaches to obtain the strain amplitude.
Note that all optical measurements are taken near the center of
the monolayer MoSe2 triangles to ensure the position
correspondence between diﬀerent techniques (Figure S2).
We then investigate the strain-dependent SHG intensity. As
monolayer MoSe2 belongs to the noncentrosymmetric D3h
point group, it allows appreciable second-order nonlinear
optical response.31−38 Under excitation of linearly polarized
femtosecond pulses (wavelength of 820 nm, pulse width of
∼100 fs), the intensity of reﬂected SHG signal centering at 410
nm changes under diﬀerent strain amplitudes (Figure 1e). It
clearly indicates that the SHG intensity is very sensitive to the
strain. Detailed analysis (Figure 1f) shows that the relative
I −I
ΔI
change in SHG intensity ( I ε = ε I 0 , where Iε and I0 stand for
0

0

SHG intensity with and without strain, respectively) is linearly
related to the strain amplitude. The slope is determined to be −
0.49 ± 0.05/ε, which is one order of magnitude larger than the
relative change of PL peak energy. Such relatively large linear
relation facilitates the monitoring of the strain amplitude
directly and sensitively by the SHG intensity. Although
theoretically it is of great challenge to quantitatively predict
the SHG intensity under strain by ﬁrst-principles calculations,42
in practice we demonstrate that SHG is a very eﬀective
technique to characterize the strain amplitude.
In order to monitor the strain direction, we change the
polarization direction of the excitation laser to investigate the
polarization-dependent SHG intensity pattern. If the polarization of the output SHG signal is parallel (I∥) or
perpendicular (I⊥) to that of the excitation laser, the SHG
intensity in MoSe2 exhibits 6-fold rotational symmetry: I∥ = I
cos2(3θ), I⊥ = I sin2(3θ), where θ is the angle between the
excitation laser polarization and crystalline armchair direction
of monolayer MoSe231−34 and the total SHG intensity, I = I⊥ +
I∥, is independent of θ. In our SHG measurement, θ = θ′ + θ0,
where θ′ is the angle between laser polarization and horizontal
direction (the uniaxial tensile strain is applied to) as shown in
Figure 2a, and θ0 is the angle between horizontal and crystalline
armchair direction. The laser polarization is controlled by
rotating a half-wave plate before the objective, while the SHG
signal is analyzed by a polarizer in front of the detector.
Therefore, from the θ′-dependent SHG pattern of I∥, the
microscopic armchair crystalline orientation θ0 can be identiﬁed
from the direction of six petals (Figure 2b,f), which has a clear
correlation to the macroscopic triangle shape of monolayer
MoSe2 as shown in Figure 2a,e. Furthermore, we choose MoSe2
triangles of diﬀerent orientations to the strain direction (εz or
εa represents the two high symmetric cases when the strain is
along the crystalline armchair or the zigzag direction of MoSe2).
Figure 2b−d (f−h) shows the pattern evolution of I∥, I⊥, and I
when strain εa (εz) is applied to monolayer MoSe2. Without
strain, I∥ and I⊥ with six petals of the same size reveal three-fold
rotation symmetry of the 2D crystal, and the total SHG
intensity I has a circular shape. Once the strain is applied, the
SHG pattern distorts signiﬁcantly. The SHG intensity decreases

Figure 1. PL and SHG response to strain in monolayer MoSe2. (a)
SEM images of CVD-grown monolayer MoSe2 triangles. (b) Raman
spectroscopy of monolayer and bilayer MoSe2. (c) Schematic of strain
apparatus and SHG process in monolayer MoSe2 under uniaxial tensile
strain. The left orange and right blue arrows indicate excitation beam
(ω) and generated SHG signal (2ω), respectively. (d) PL spectra of
monolayer MoSe2 under diﬀerent strain amplitudes. The dash arrow
indicates the redshift direction of PL peaks, with a slope of −36.8
meV/ε. (e) SHG spectra under diﬀerent strain. (f) Evolution of
normalized SHG intensity with strain. Line is the linear ﬁt to the
experimental data. The error bars represent the standard measurement
error from experiments of 12 samples.

number of MoSe2 ﬂakes can be identiﬁed by optical contrast
and Raman spectroscopy.40,41 Both the monolayer and bilayer
samples have A1g and E12g modes, but the bilayer (with 2H
stacking) has a characteristic shearing C mode in the Raman
spectra (Figure 1b). We transferred MoSe2 ﬂakes on an optical
transparent acrylic substrate using poly(methyl methacrylate)
(PMMA) method or directly grew (exfoliated) MoSe2 on a
mica substrate (see SI for details). Uniaxial tensile strain is
applied on the MoSe2 ﬂakes by bending the ﬂexible acrylic
(mica) substrates.21 As the acrylic (mica) substrate has relative
large Young’s modulus and can transfer the strain from itself to
the 2D materials very eﬀectively,22 one can simply calculate the
applied strain amplitude from the curving geometry of the
substrate by ε = τ/2ρ, where τ is the thickness of the substrate
and ρ is the curvature radius of the neutral plane (Figure 1c).
We ﬁrst check if the strain is indeed eﬀectively applied to
monolayer MoSe2 by monitoring the evolution of the PL peak
energy. As the strain increases, the PL peak linearly shifts to
7540
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(C )

2v
normal incidence geometry, the eﬀective elements in d ⃡
(D3h)
aligned into D3h coordinate have the same form as d ⃡
. It is

supposed that dil(C2v) varies linearly with small external strain
perturbation (see SI for detail). Then, the polarizationdependent SHG intensity of monolayer MoSe2 under εa
behaves as follows:
(D3h)
I (C2v) = |d 22
(cos 3θ + εa(a1 cos3 θ − b1 sin 3 θ cos θ

− 2c1 sin 3 θ cos θ))|2
(D3h)
I⊥(C2v) = |d 22
(sin 3θ + εa(a1 sin θ cos 2 θ − b1 sin 3 θ

+ 2c1 sin θ cos2 θ))|2

Figure 2. Pattern evolution of SHG intensity for monolayer MoSe2
under strain. (a) Optical image of monolayer MoSe2 under strain εa
along the crystalline armchair direction. The strain is along the
horizontal direction indicated by a double-headed arrow, while the
laser excitation polarization eω̂ has a relative angle θ′ to it. The ball and
stick model shows the crystalline structure. (b−d) θ′-dependent SHG
intensity pattern when the polarization of generated SHG is parallel
(b), perpendicular (c) to the incident polarization, or the total SHG
(d) under strain εa. (e−h) The counterpart data under strain εz along
the crystalline zigzag direction. The laser polarization, strain direction,
and image size are the same as shown in (a). Dots are original data and
lines are theoretical ﬁts; while the colors of orange, dark yellow, violet,
and dark cyan (from outer curves to inner ones) represent strain
amplitude of 0, 0.8%, 1.14%, and 1.4% in sequence for (b−d, f−h).

where a1, b1, and c1 are the relative changes of diﬀerent tensor
elements in d⃡ caused by strain perturbation. Under εz, we
would obtain the same formula as shown above with
parameters of εz, a2, b2, and c2. The total SHG intensity I(C2v)
(C )
(C )
is the sum of I∥ 2v and I⊥ 2v . With this analytic model, we can
reproduce our experimental data and extract the ﬁtting
parameters for ai, bi, and ci (see Supplementary Figure S6
and Table S1). When the strain is along the high symmetric εz
and εa direction, both the minor axis and the shape of I can
indicate the strain direction (Figure 2d,h). For a general case
when the strain is along nonarmchair/zigzag direction, the
strain direction can also be obtained from the SHG pattern
evolution (Supplementary Figure S3), although the analytical
equation is more complex (see SI for detail). Here, we note that
the quantitative ab initio theories for understanding the pattern
evolution is still lacking. Our results might evoke the further
development of theory in this direction in the future.
As SHG is a very sensitive and eﬀective way to monitor the
local strain in MoSe2 monolayer, we further employ it to
investigate the interlayer locking eﬀect between the two layers
in AB-stacked (2H) MoSe2 bilayer when the bottom layer is
under stretching but the top layer is free (Figure 3a). Bulk

rapidly with increasing strain in each petal, and the I∥ or I⊥
shape of the six petals become asymmetric, and the total SHG
intensity I shows up a strong angular dependence. The strain
direction could be indicated by the minor axis of the pattern of
I. Additionally, the pattern modes of I are diﬀerent for diﬀerent
strain orientations. The I pattern looks like a dumbbell with εa
(Figure 2d), while the pattern seems as a spindle with εz
(Figure 2h). For another strain direction εc (i.e., the strain is
not along zigzag or armchair crystalline direction of MoSe2),
the results are more complex (see Supplementary Figure S3).
Nevertheless, the strain direction can also be easily deduced
from the SHG pattern evolution. For other noncentrosymmetric 2D materials such as monolayer MoS2, we also observe
similar SHG pattern evolution with a strain induced SHG
change ratio of ∼−0.37/ε (Supplementary Figures S4 and S5).
This indicates that our method should be generally applicable
to noncentrosymmetric 2D materials.
To qualitatively understand the SHG pattern evolution under
uniaxial tensile strain, we consider the nonlinear SHG response
in terms of point group symmetry. The polarization-dependent
SHG intensity could be expressed as
ISHG = |e 2̂ ωd ⃡ eω̂ 2|2

(2)

Figure 3. Monitoring the interlayer locking behavior in 2H bilayer
MoSe2. (a) Schematic diagram of 2H MoSe2 bilayer when the bottom
layer is under stretching but the top layer is free. εbottom is directly
applied to the bottom layer from the bending substrate; εtop is the
possible strain on the top layer that can be transferred from the
bottom layer. (b) Optical image of 2H bilayer MoSe2. (c) Log-plot of
SHG intensity from monolayer or 2H bilayer MoSe2 under diﬀerent
strain amplitudes. The negligible SHG response in bilayer reveals the
perfect transferring of strain from the bottom layer to the top layer.

(1)

where e 2̂ ω and eω̂ are, respectively, the polarization orientation
of generated SHG electric ﬁeld and incident electric ﬁeld, and d⃡
is contracted notation of second-order susceptibility tensor,
which is a 3 × 6 matrix.43 Under uniaxial strain, the matrix of d⃡
evolves from the three-fold D3h symmetry into C2v symmetry,
which is the origin for the observed SHG pattern evolution in
Figure 2. As the number and relative magnitude of independent
nonzero matrix elements of d⃡ are diﬀerent for diﬀerent θ′
angles, the SHG pattern evolution can reﬂect the strain
direction.
We can further quantitatively evaluate the SHG pattern
evolution for the two highly symmetric cases by analytical
equations based on ﬁrst-order perturbation. On the basis of

MoSe2 is believed to be a lubricant as MoS2 and the interlayer
sliding should be quite easy.44−46 Whether the interlayer
interaction can lock the two layers under relative interlayer
strain and if so how large the relative strain can be locked are
still under debate. Furthermore, this information is also crucial
for evaluating the performance and mechanical stability of van
der Waals stacked multilayer 2D ﬂexible devices under strain.
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add additional energy to the whole system, as previous studies
showed that the edge might be curved.48 However, as the top
layer in our experiment is as large as 5 μm, the atomic number
ratio of edge/area is as small as ∼0.4% and the contribution of
the edge would be negligible.
In summary, our work demonstrates the application of SHG
to monitor the local strain vector in 2D MoSe2 without in-plane
mapping. The strain amplitude can be determined by the SHG
intensity, while the strain direction can be indicated by the
polarization-dependent SHG pattern evolution. In addition, we
also utilize this technique to investigate the interlayer locking
behavior in 2H MoSe2 bilayers under relative interlayer strain.
Our experimental results, together with ab initio calculations,
show that the interlayer interactions can lock percentage level
strain between the two layers in 2H MoSe2 bilayer. SHG has
limitation in characterizing centrosymmetric 2D system only,
for example, in graphene there is no obvious SHG signal, but
recent progress shows that even graphene can have high
harmonic generation (HHG) signal.49 If we use HHG, it is very
promising to monitor the strain in any 2D materials in the near
future.

To address this issue, we choose 2H MoSe2 bilayers where
the bottom layer is larger than the top layer (Figure 3b). The
respective E12g, A1g, and C modes located at 241.8, 287.3, and
19.2 cm−1 conﬁrm bilayer conﬁguration (Figure 1b). The
bottom layer of MoSe2 is directly subject to uniaxial tensile
strain εbottom from the substrate as monitored by PL peak
positions (Supplementary Figure S7). The 2H bilayer MoSe2
belongs to the centrosymmetric D3d point group, and the
presence of inversion symmetry does not allow SHG response.
If the two layers can be locked under relative interlayer strain,
the whole system retains its centrosymmetric symmetry with
negligible SHG response; otherwise, appreciable SHG signal
can be generated. Figure 3c shows the SHG intensity from the
2H bilayer region and monolayer region under strain. The SHG
intensity from monolayer changes rapidly, while the SHG
intensity from bilayer keeps very low (comparable to our
detection limit) even when the applied strain is as large as 1.4%
at the bottom layer. It reveals that the two layers are locked
under relative interlayer strain at least up to 1.4%.
To understand this interlayer locking eﬀect in MoSe2 bilayer
under the relatively large interlayer strain, we performed ﬁrstprinciples calculations (see SI for details). We ﬁrst obtain the
energy barrier for interlayer sliding along zigzag direction from
AB1 to AB3 stacking as shown in the insets of Figure 4a. The
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Figure 4. Theoretical understanding of the interlayer locking behavior
in 2H MoSe2 bilayer. (a) Potential energy of 2H MoSe2 bilayer with
interlayer sliding of one lattice constant along the zigzag direction. In
horizontal axis, a is the lattice constant (3.33 Å) of MoSe2. (b)
Potential energy of 2H MoSe2 bilayer under diﬀerent strain
amplitudes. “Locked” and “Sliding” represent the conditions that the
strain is 100% or 0% transferred from the bottom layer to the top
layer.
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results show that the interlayer sliding must overcome an
energy barrier of ∼50 meV/cell. It means that the sliding needs
some additional energy if the two layers are not locked. But
surely, if the two layers are locked, the strain energy will
increase. The ﬁnal conﬁguration will be determined by the
competition between interlayer interaction energy and total
strain energy. We further calculated the total energy increase of
the bilayer system with strain being applied to the bottom layer
when the two layers are locked (blue squares) or sliding (red
circles) in Figure 4b. We ﬁnd that the locked bilayer is
energetically favorable at small strains (<1.3%) and interlayer
sliding is possible when the strain is larger than 1.3%. The trend
is in nice agreement with our experiment although the
quantitative strain threshold has small deviation as the
theoretical value is dependent on the approximations in
calculation of van der Waals interactions.47 Our results conﬁrm
that interlayer interaction can eﬃciently transfer strain of a few
percentages from the bottom layer to the top layer in 2H
bilayer MoSe2. Here we note that the edge of the top layer may
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