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ABSTRACT: Structural engineering techniques such as local strain engineering and folding
provide functional control over critical optoelectronic properties of 2D materials. Local strain
engineering at the nanoscale level is practically achieved via permanently deformed wrinkled
nanostructures, which are reported to show photoluminescence enhancement, bandgap modulation,
and funneling effect. Folding in 2D materials is reported to tune optoelecronic properties via
folding angle dependent interlayer coupling and symmetry variation. The accurate and efficient
monitoring of local strain vector and folding angle is important to optimize the performance of
optoelectronic devices. Conventionally, the accurate measurement of both strain amplitude and
strain direction in wrinkled nanostructures requires the combined usage of multiple tools resulting in manufacturing lead time
and cost. Here, we demonstrate the usage of a single tool, polarization-dependent second-harmonic generation (SHG), to
determine the folding angle and strain vector accurately and efficiently in ultrathin WS2. The folding angle in trilayer WS2 folds
exhibiting 1−9 times SHG enhancement is probed through variable approaches such as SHG enhancement factor, maxima and
minima SHG phase difference, and linear dichroism. In compressive strain induced wrinkled nanostructures, strain-dependent
SHG quenching and enhancement is observed parallel and perpendicular, respectively, to the direction of the compressive
strain vector, allowing us to determine the local strain vector accurately using a photoelastic approach. We further
demonstrate that SHG is highly sensitive to band-nesting-induced transition (C-peak), which can be significantly modulated
by strain. Our results show SHG as a powerful probe to folding angle and strain vector.
KEYWORDS: second-harmonic generation (SHG), WS2, strain, folds, 2D materials

Two-dimensional (2D) layered semiconductor materials
such as transition metal dichalcogenides (TMDs) have
received tremendous attention due to their interesting

optoelectronic properties and potential applications in elec-
tronic devices.1−10 Tuning the optoelectronic properties of
these materials is important for the optimum device perform-
ance.11−20 Therefore, researchers have used various ways to tune
the properties of 2D materials such as structural engineer-
ing,21−23 defect engineering,24 and doping.25

Structural engineering of 2D materials provides an exciting
platform to tailor the material’s properties through modification
in the lattice structure. For example, a 2D graphene sheet, a zero-
bandgap structure, is rolled to form carbon nanotubes with a
tunable bandgap depending on the rolling angle. Armchair
nanotubes are metallic structures, whereas zigzag nanotubes
show semiconducting properties with an open bandgap.26−28

Modulation in electronic structure and PL properties is reported
through twisting angle modification in TMD heterostruc-
tures.29−31

Strain engineering32,33 and folding34 are two important types
of structural engineering techniques to tune optoelectronic

properties. For instance, strain engineering is shown to reduce
the carrier effective mass and modify the valley structure of
atomically thin MoS2, thus leading to an increase in its career
mobility.35−42 Local strain engineering at the nanoscale level is
practically achieved via permanently deformed wrinkled
nanostructures, which are reported to change the local
confinement potential of excitons,21 modify the bandgap,21

enhance PL,43 and improve conductivity.33 Folding in 2D
materials is reported to tune optoelectronic properties via
folding angle dependent interlayer coupling and symmetry
variation. Folded nanostructures of MoS2 are reported to tune
PL intensity due to modulation in interlayer coupling.34 Both
strain engineering and folding provide an effective way to tune
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optoelectronic properties and improve the performance of
optoelectronic devices; therefore, there is a need of full
assessment of local strain vector and folding parameters to
utilize their full potential.
Conventionally, determination of both strain amplitude and

direction in wrinkled nanostructures requires a combination of
multiple tools. For instance, researchers use atomic force
microscopy (AFM) and Raman spectroscopy to measure the
strain amplitude on strain-induced wrinkles,21 whereas elec-
tron/neutron microscopy is used to determine the relation of
strain direction to lattice structure.44 Recently, optical second-
harmonic generation (SHG) has been shown to probe the
crystallographic orientation, lattice symmetry, and stacking
order of noninversion symmetric 2Dmaterials such as odd layers
of TMDs, hBN, and group IVmonochalcogenides.45−48 Because
SHG intensity is very sensitive to the structural configurations of
2D materials, it is, in principle, feasible to employ SHG to
monitor folding and straining in 2D materials.
Here, we have used polarization-dependent SHG as a single

tool to probe folding angle and strain vector precisely in

atomically thin tungsten disulfide (WS2). The folding angle in
trilayer WS2 folds exhibiting 1−9 times SHG enhancement is
probed through variable approaches such as SHG enhancement
factor, maxima and minima SHG phase difference, and linear
dichroism. We find strain-dependent SHG quenching and
enhancement, parallel and perpendicular, respectively, to the
direction of the compressive strain vector. However, strain angle
dependent total SHG (without polarizer) remains constant,
which allows us to find the local strain vector accurately using
the photoelastic effect. We find SHG to be very sensitive to C-
exciton and can be tuned through strain modification. Our
results show SHG as a powerful tool to probe both folding angle
and strain vector in atomically thin TMDs.

RESULTS AND DISCUSSIONS
In this work, we have used mechanical buckling of the flexible
substrate to obtain folds33,34 (1−3L) and strained wrinkles21

(5−6L) in atomically thin WS2. The details of the fabrication
method are shown in Figure 1a and are given in the Methods
section and in Supporting Information S1. Optical microscopic

Figure 1. Differentiation of wrinkled and fold nanostructures by SHG. (a) Schematic diagram of the fabrication process of a buckled WS2
sample. (b) Optical microscopic image of a 1−3LWS2 sample fabricated by the process described in (a), showing the formation of folds due to
collapse of wrinkles. (c) SHG intensity mapping of the region shown in (b). The mapping shows SHG enhancement on 1L and 3L folded
regions. (d) AFM topography image of the region marked by the white dashed rectangle in (b). (e) Optical microscopic image of a 5−6L
buckled WS2 sample showing strained wrinkles on 5L and 6L. (f) SHG intensity mapping of the region shown in (e). The SHGmapping shows
reduction in SHG on 5Lwrinkles. (g) AFM topography image of the regionmarked by the white dashed rectangle in (e). Inset shows SEMof the
wrinkle’s profile. (h) A stat-plot showing the SHG response for flat, folded (1L and 3L), and strained wrinkled (5L) regions for ultrathin WS2.
Histogram shows the SHG intensity response, with uncertainties indicated by the error bars. The light brown, green, and light blue rectangles
indicate the SHG intensity measurements for flat, folded, and wrinkled regions, respectively. All the measurements are taken at 900 nm laser
excitation.
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images of folds (1−3L) are shown in Figure 1b. Phase shifting
interferometry (PSI) is employed to identify the layer
number.13,16,49,50 The wrinkles in 1−3L WS2 collapse, forming
folds due to reduced bending rigidity.33 As a result, the folds lose
their strain with a small/negligible strain left in the folds. This
effect is illustrated through negligible shift in PL peak positions
between flat and folded TMDs,34 whereas a considerable shift in
PL peak positions is reported in strain-inducedMoS2 wrinkles.

21

We have used a 900 nm laser excitation confocal light
microscope for SHG mapping (450 nm) of flat and folded
regions of 1−3L WS2 as shown in Figure 1c (see Methods
section for more details). Odd layers, i.e., 1L, 3L, and 5L, show
SHG signal due to non-centrosymmetric structure, whereas
even layer numbers do not show SHG signal due to
centrosymmetric structure, which is consistent with the previous
studies.48,51 For SHG-folded regions, a multiplying factor is

Figure 2. Engineering SHG through folding of atomically thin TMDs. (a) Schematic illustration for the stacking of layers in a trilayer fold (1L
+1L+1L). The top (layer 1) and bottom layer (layer 3) are parallel to each other, whereas the armchair direction of middle layer (layer 2) makes
an angle of (180+θf) with the armchair direction of the top and bottom layer. [The lines (black, blue, and green) bisecting the triangles (black,
blue, and green) show the armchair direction]. (b) Vector superposition of the SH fields from the layer of the fold, where IL1(2ω) (black line),
IL2(2ω) (blue line), and IL3(2ω) (green line) are the SHwave vectors fromL1, L2, and L3, respectively, I(ω) (brown line) is the laser wave vector,
and ILf(2ω) is the resultant SH wave vector from the fold. 3φ1 is the phase shifting angle between input linearly polarized laser and IL1(2ω),
whereas 3Δφ is the phase shifting angle between IL1(2ω) and ILf(2ω). (c) Calculated SHG I∥(2ω) polar response for 1L flat and fold (40° θf).
A(ρA,φA) is the maximum SHG (ρA) amplitude point for the fold withφA(degrees) angle from 0°, whereas B(ρB,φB) is the minimum SHG (ρB)
amplitude point for the fold withφB(degrees) angle from 0°. Af(ρAf,φAf) and Bf(ρBf,φBf) represent the maximum andminimum point of the flat
region. (d) Experimental investigation of polarization-resolved SHG I||(2ω) intensity pattern for 1L flat and folded WS2. Continuous lines are
the fitted plots, whereas symbols are experimental data points. (e) Folding angle dependence of SHG enhancement for fold, where
enhancement = ρA/ρAf. Shinde et al.

46 and Mervin Zhao et al.56 showed experimentally 9 times SHG enhancement in vertically stacked “AAA
configuration” and 3R of TMDs, respectively (which is equivalent to a 60° folding angle in the trilayer fold). Reprinted in part with permission
under a Creative Commons License from ref 46. Copyright 2018, Springer Nature. (f) The folding angle dependence of SHG phase shift angle
(degrees). (g) Folding angle dependence of (linear dichroism)−1 where (linear dichroism)−1 = ρBf/ρAf. Shinde et al.46 and Jia Shi et al.54

performed polarization-dependent SHG of vertically stacked “AAA configuration” and 3R of TMDs, respectively (equivalent to a 60° folding
angle in a trilayer fold). Dashed line is the calculated response, whereas spherical symbols are the experimental data points. Error bars represent
the range of error in the measured values. Reprinted in part with permission under a Creative Commons License from ref 46. Copyright 2018,
Springer Nature.
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added in the measurements because the width of folds is smaller
than the laser spot diameter (see Section S2 in the Supporting
Information for more details). Interestingly, a significantly
higher SHG response (∼2−3 times) from folded regions is
observed as compared to flat regions, as shown in Figure 1c.
Power-dependent SHG on flat, folded, and wrinkled regions is
performed to confirm if the photons collected are SH photons.
The corresponding SHG signal intensity is drawn with
excitation power on a log scale. A fitted value of ∼2 on a log
scale for power vs SHG intensity confirms the collected photons
as SH photons (Figure S3).52−54 An AFM investigation shows
that the height differences measured on the 1L, 2L, and 3L folds
of WS2 are found to be 1.4 ± 0.5, 2.8 ± 0.5, and 4.2 ± 1 nm,
respectively (Figure 1d and Figure S4). These values match the
height of 2L, 4L, and 6LWS2 very well as the thickness of a single
layer is evaluated around 0.7 nm,55 which confirms the bifold
formation (such as trilayer fold or 1L+1L+1L on 1LWS2) in 1−
3L WS2. An SHG investigation of 5L wrinkles shows a drop in
SHG as compared to flat 5L (Figure 1f), which will be explained
later. An AFM investigation of 4−6L wrinkles reveals a rapid
increase in the height (∼50−70 nm) as shown in Figure 1g and
Figure S4. The wrinkle-like curvature in the scanning electron
microscopy (SEM) examination confirms that wrinklesmaintain
their curvature in ≥4L WS2. (Figure 1g).
In the previous section, we showed SHG enhancement on

folds. The SH response from the fold can be modeled by the
vector superposition of all the layers of the fold, which is
explained here. Let us consider the case of a trilayer fold (1L+1L
+1L) on 1L WS2. Opening up of the 1L fold shows that the top
layer of the fold (designated as L1 in Figure 2a) is parallel to the
bottom layer (L3), which implies the armchair direction of L1
(shown as the black line bisecting the hexagonal WS2 and black
triangle in L1) is parallel to the armchair direction of L3 (green
bisecting line), whereas the armchair direction of the mid-layer
L2 (blue bisecting line) of the fold makes an angle of 180°+θf
with the armchair direction of L1 and L3. These considerations
make the trilayer fold different from artificially stacked layers,
which may be oriented at any angle. 1L WS2 belongs to D3h
symmetry; therefore, it shows a 6-fold polar SH response as
follows:48

I cos(2 ) 32ω φ∝ (1)

where I∥(2ω) is the SHG intensity for parallel polarization (i.e.,
the polarizer is parallel to the direction of the polarization
component of the incident laser) and φ is the azimuthal angle
between the polarized incident laser and the armchair
direction.47,48 SHG intensity becomes maximum when the
incident laser polarization is parallel to the armchair direction.48

For our folding case, IL1 = IL3 ∝ cos2 3φ1 and IL2 ∝ cos2 3(φ1 +
180 + θf) where IL1(2ω), IL2(2ω), and IL3(2ω) are the SHG
wave vector responses from L1, L2, and L3 of the fold. Hsu et al.

45

reported that the SH wave vector from two stacked layers (Is)
under parallel polarization can be found by the vector
superposition of SH wave vectors from two individual layers
as follows:

I I I I I(2 ) 2 ( ) cos 3( )a b a bs ω θ∝ + + (2)

where θ is the stacking angle between the armchair directions of
a and b. Thus, SHG response from the fold can be solved by the
vector superposition of the SHG response coming from the
individual layers of the fold, i.e., IL1(2ω), IL2(2ω), and IL3(2ω) as
shown in Figure 2b.

In the case of our trilayer fold, this can be done by the vector
addition of two entities first (IL1(2ω) and IL2(2ω)) to find their
resultant IL12(2ω) where θ = 180 + θf) and then adding this
resultant vector, i.e., IL12(2ω) to the third entity vector (IL3(2ω))
to get the overall resultant vector ILf(2ω) where ILf(2ω) is the
SH wave vector from the fold. φ1 is the azimuthal angle between
the incident laser polarization component and the armchair
direction of IL1(2ω), whereas 3Δφ is the phase shifting angle
between IL1(2ω) and ILf(2ω) as demonstrated in Figure 2b.
Using the above scheme, the angular SHG response of the folded
region [ILf(2ω)] with θf = 40° is calculated as shown in Figure
2c, where A(ρA, φA) is the maximum amplitude point of SHG
(ρA) for the fold with a φA(degrees) angle from horizontal (0°),
whereas B(ρB, φB) is the minimum SHG (ρB) amplitude point
for the fold with a φB(degrees) angle from horizontal. Af(ρAf,
φAf) and Bf(ρBf, φBf) represent the maximum and minimum
points of the flat region. Here, φAf and φBf represent the AC
(armchair) direction at 0° and the ZZ (zigzag) direction at 30°
because we are using parallel polarization for SHG.
In order to experimentally investigate the polarization-

dependent SHG response of the folded region, we put a
polarizer in between the sample and the spectrometer in such a
position that the polarization component of the SH radiation is
parallel to the polarization state of the incident laser (900 nm),
i.e., parallel polarization of SHG (see the Methods section for
more details). We get an enhanced (∼2.6) SHG polar response
from the folded region (θf = 20°) along the armchair direction as
demonstrated in Figure 2d (see Supporting Information Section
S5 for folding angle determination). As the folding angle is
expected to tune SHG intensity coming from the fold, we
calculate the SHG enhancement factor = ρA/ρAf as indicated by
the dashed line as shown in Figure 2e. The calculated angular
SHG response shows 1 to 9 times SHG enhancement as θf goes
from 0° to 60°. The experimental results are found in good
agreement with the calculated values, which shows the validity of
our model predictions. In the past, Shinde et al.46 showed
experimentally that 3 monolayers of TMDs vertically stacked in
a parallel “AAA configuration” (i.e., 60° folding angle in a trilayer
fold) show 9 times SHG enhancement following ISHn = Ion

2,
where n is the number of layers, ISHn is the resultant SHG
intensity of n layers, and Io is the SHG of 1 layer. Moreover,
Mervin Zhao et al.56 reported 9 times SHG enhancement in 3L
of 3R MoS2 (or a 60° folding angle in a trilayer fold) as
compared to 1L MoS2. The phase shifting angle of the folded
region is the angular variation in waveform of the folded region
with respect to the flat region. This measurement can be
important in order to optimize the device performance. We,
therefore, calculate the phase shifting angles as follows: (i) ΔφA
=φA−φAf and (ii)ΔφB =φB−φBf. Amaximumphase shift of 6°
is found at 20° and 40° forΔφB andΔφA, respectively, as shown
in Figure 2f. However, phase shifting angles are too small to be
detected accurately within the resolution limit of our
experimental setup. An anisotropy response of SHG intensity
is expected to be influenced by the folding angle; therefore, we
are interested in calculating (linear dichroism (LD))−1 = ρB/ρA,
which shows a maximum value of 0.3 at 30° θf, as shown in
Figure 2g. Experimental investigation shows good agreement
with themodel prediction. The above results thus establish SHG
as a powerful technique to monitor folds in atomically thin WS2.
Strain-dependent SHG studies, in the past,57,58 were limited

to temporary bending methods, which introduce tensile strain
temporarily on ultrathin TMDs; however, we have investigated
“wrinkles”, which are compressive strain induced stable and
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permanent strained nanostructures. In the previous section, we
showed that the wrinkles on 5L do not collapse and maintain
their wrinkle-like curvature; therefore, the SHG response of

wrinkles is expected to be influenced by the local strain vector. In
this context, we run polarization-dependent SHG on the flat and
winkled regions (P1 and P2) of 5L WS2 (Figure 3a−c) using a

Figure 3. Determination of strain vector by angle-resolved SHG. (a) Experimental investigation of the polarization-resolved SHG intensity
I∥(2ω) pattern for (a) flat, (b) P1 wrinkle, and (c) P2 wrinkle of 5LWS2. Continuous lines are the fitted plots, whereas symbols are experimental
data points. The red dashed line indicates the direction of strain. Determination of strain amplitude and direction is given in the following
figures. (d) Schematic illustration showing the uniaxial strain ε applied along the horizontal direction with a θ° strain angle between the strain
direction and the AC (armchair) direction. Tensile strain and compressive strain are indicated by positive and negative signs, respectively. ZZ:
zigzag. (e) Calculated polar response of SHG intensity I∥(2ω) for WS2 at the strain levels of 0% and −1% (0° strain angle). A1(ρA1, 0°), A2(ρA2,
60°), and A3(ρA3, 120°) are three points with SHG intensity of ρA1, ρA2, and ρA3 in the 0°, 60° and 120° direction with respect to the horizontal
direction. SHG intensity decreases and increases in the direction along and perpendicular to the compressive strain vector. (f) Calculated SHG
Ill(2ω) polar response ofWS2 at strain angles of 20° and 40°(ε =−1%). (g) Calculated strain angle dependent ρA1, ρA2, ρA3 and ρA1+ρA2+ρA3 (ε =
−1%). (h) Strain-dependent calculated ratio of ρA1+ρA2+ρA3 and (ρA1+ρA2+ρA3)flat, i.e., (ρA1+ρA2+ρA3)/(ρA1+ρA2+ρA3)flat, ε1 = −1.72% (blue
sphere) and ε2 = −2.38% (plum sphere) represent two strain values extracted from P1 and P2 wrinkles’ SHG polar plots shown in Figure 3a−c,
where (ρA1+ρA2+ρA3)/(ρA1+ρA2+ρA3)flat = 1.15 and 1.25 for P1 and P2. (i) Strain angle (θ°) dependent calculated ρA1/(ρA1+ρA2+ρA3) for ε1 (blue
line) and ε2 (plum line). θ1 = 69° (blue sphere) and θ2 = 71° (plum sphere) represent strain angles extracted from P1 and P2 SHG polar plots
where ρA1/(ρA1+ρA2+ρA3) = 0.51 (P1) and 0.58 (P2). (j) SHG contour map showing strain (%) and strain angle (θ°) of P1 (blue sphere) and P2
(plum sphere) wrinkles extracted from SHG polar plots solely. The measured strain and strain angle using a combination of AFM and SHG are
displayed as black spheres for comparison.
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pump 830 nm laser, which is initially aligned with the armchair
direction of the flat region. Similar to 1L, we get a uniform 6-fold
SHG polar pattern from flat 5L WS2 due to D3h symmetry
(Figure 3a).
On the other hand, we get a distortion in the SHG polar

pattern on strain-induced wrinkles (i.e., P1 and P2 wrinkles) as
indicated by spherical dots in Figure 3b,c. In order to understand
SHG polar pattern evolution for strain-induced wrinkles, we
consider the photoelastic effect, an established approach,57 for
the explanation of SHG polar pattern evolution under strain. Let
us take the case of odd-layerWS2 (D3h symmetry) under uniaxial
strain ε along the horizontal direction as depicted in Figure 3d.
Strain angle (θ°) is defined as the angle between strain direction
and the AC (armchair) direction. The parallel polarized SHG
intensity “I∥(2ω)” under uniaxial strain ε forD3h symmetry class
considering the photoelastic effect is57

I A B(2 )
1
4

( cos(3 ) cos(2 ))2ω φ θ φ∝ + +
(3)

where A = (1 − ν)(p1+ p2)(εxx+ εyy) + 2χo and B = (1+ ν)(p1 -
p2)(εxx- εyy), p1 and p2 are the photoelastic cofficients, εxx and εyy
are the values of the strain (%) along x and y direction where
tensile strain and compressive values are taken as positive and
negative respectively, ν is the Poisson ratio, φ is the polarization
angle, and χ0 is the nonlinear susceptibility parameter of the
unstrained crystal lattice. Because the wrinkles’ formation occurs
due to the inward forces (i.e., compressive forces), we will
calculate the SHG polar response using the negative amplitude
of strain, a Poisson ratio of ν(WS2) = 0.22,

59 p1 = 0.75 nm/V/%,60

p2 = −0.97 nm/V/%,60 and χ0 = 4.5 nm/V.61 For the first case,
parallel polarized SHG intensity “I∥(2w)” is calculated using a
constant strain angle (θ = 0°) and variable strain amplitudes
(εxx) of 0% and −1% using eq 3, and the results are shown in
Figure 3e. We have calculated SHG intensity for the range 0° ≤
φ ≤ 360° with a step size of 0.1° polarization angle. SHG
quenching and enhancement are found in the direction parallel
and perpendicular, respectively, to the strain direction. The
quenching and enhancement in their respective directions
increase with the strain amplitude. For the second case, SHG
intensity is calculated using a constant strain amplitude (εxx=
−1) and variable strain angles of 20° and 40°; the results are
shown in Figure 3f. Here, the direction of a pattern’s distortion is
found to be influenced by the direction of the compressive strain
vector, i.e., the strain angle. If A1(ρA1, 0°), A2(ρA2, 60°), and
A3(ρA3, 120°) represent three points with SHG intensity of ρA1,
ρA2, and ρA3 along three AC directions φ = 0°, 60°, and 120°,
respectively (as indicated in Figure 3e), we find that the
magnitude of ρA1, ρA2, and ρA3 changes with the change in
applied strain vector, which is shown in Figure 3e and f.
Hereafter, we are interested to find the strain (ε) and strain angle
(θ) dependent total SHG intensity. Assuming a constant strain
amplitude (εxx =−1), we have calculated the total SHG intensity
(ρA1+ρA2+ρA3) for (0°≤ θ≤ 360°) variable strain angle (θ) with
a step size of 0.1°. The results show that the total SHG intensity
(ρA1+ρA2+ρA3) remains constant for each value of strain angle as
shown in Figure 3g. Hereafter, we have calculated compressive
strain dependent total SHG intensity (ρA1+ρA2+ρA3) for (0 ≤ ε
≤ −0.06) with a step size of 0.0001 of ε as shown in Figure S6.

Figure 4. Differentiation of folds and wrinkles through wavelength-dependent SHG. (a) SHG intensity mapping of 1L folds and 5L wrinkles for
830 and 900 nm. 1L folds show an enhancement on both the excitation wavelengths scanned, whereas WS2 wrinkles show an enhancement and
reduction in SHG intensity at 830 and 900 nm, respectively. (b) Excitation wavelength dependent SHG intensity of folded and flat regions of 1L
WS2. Folds show an enhancement at all the wavelengths scanned. (c) Excitation wavelength dependent SHG of flat and strain induced (−1.72%,
−1.95%, and −2.38%) wrinkled regions of 5L WS2. SHG peak blue shifts with the compressive strain. (d) Band structure of 5L WS2 with the
label of C calculated by DFT. The arrows indicate the transition in A and B and the band nesting (C). (e) Wavelength-dependent second-order
nonlinear susceptibility (Iχ) spectra of 5L WS2 for three strain (−2%, 0%, 2%) levels. Spectra are vertically shifted by 500 and 1000 nm for
improved visibility. The C-exciton resonance enhanced SHG peak position is indicated by C. (f) Strain-dependent SHG peak wavelength (in
resonance with the C exciton). Black color and red color spheres represent calculated and experiments values, respectively. Black dashed line is
the linear fit of the calculated values.
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The calculations show that total SHG intensity increases
quadratically as compressive strain increases. After finding the
individual effect of compressive strain and strain angle on total
SHG intensity, we were interested in finding the complete strain
vector (strain amplitude and strain angle) and developing a 2D
color map to extract the strain amplitude and strain angles of the
wrinkles directly from SHG polar plots. Here, we have
developed a way as follows: As we know that the total SHG
intensity (ρA1+ρA2+ρA3) remains constant for each value of
strain angle, we can use this finding to calculate strain-dependent
(ρA1+ρA2+ρA3)/(ρA1+ρA2+ρA3)flat with a step size of 0.0001 of ε,
which will allow us to extract the single plausible solution values
of strain amplitude of P1 (ε1 = −1.72%) and P2 (ε2 = −2.38%)
wrinkles directly from SHG polar plots (Figure 3h). Hereafter,
we calculate strain angle dependent ρA1/(ρA1+ρA2+ρA3) for ε1
andε2 values with a step size of θ = 0.1° as shown in Figure 3i.
The largest value of ρA1 ratio as compared to other counterparts
(i.e., ρA2 and ρA3 ratios) tends to provide higher sensitivity and
more accurate estimations. Thus, θ1 = 69° and θ2 = 71°are
extracted from SHG polar plots of P1 and P2 wrinkles,
respectively. The extracted values are displayed in a contour
plot (Figure 3j). Extracted values of strain angle are very close to
each other because the wrinkles (on the same sample) are
parallel to each other. The above extracted values of strain
amplitude (ε1 and ε2 in the x-direction) and strain direction (θ1
and θ2) fit well to SHG polar plots (Figure 3b,c) using a
photoelastic equation (eq 3), which validates our approach.
Because our approach only needs SHG intensity at 0°, 60°, and
120°, i.e., ρA1, ρA2, and ρA3, it eliminates the requirement of a
time-consuming full SHG polar plot. In order to further validate
our model calculations, we use AFM and polarization-depend-
ent SHG to measure the strain ε(%) and the strain angle (θ°),
respectively, for the selected wrinkles (see Supporting
Information Sections S7 and S8 for more details). Themeasured
values (black spheres in Figure 3j) show good agreement with
the extracted measurements from SHG polar plots using the
scheme given in Figure 3a−i. Conventionally, the strain
direction and amplitude measurements require a combination
of multiple tools, For instance, AFM, electron microscope, and
SHG are required to measure strain angle and amplitude in
wrinkles. However, SHG as a single powerful tool has the
potential to probe both strain amplitude and strain direction in
2D materials.
SHG response is expected to be influenced by variation in

laser wavelength; therefore, we run laser excitation wavelength
dependence (810 ≤ λ ≤ 950 nm) on the flat, folded, and
wrinkled regions of ultrathin WS2 (Figure 4a−c). Here, we find
an SHG peak centered at 870−880 nm laser wavelength (or
435−440 nm of SHG wavelength) in wavelength-dependent
SHG for a 1L flat region (Figure 4b). The peak position is
attributed to the resonance phenomenon due to the presence of
band nesting induced transition (C-peak) (Figure 4d).48,52,62−66

The wavelength-dependent SHG response of 1L folds shows
SHG enhancement at all the wavelengths scanned (Figure 4b).
Recently, SHG is found to be highly sensitive toward strain
according to the recent research.58 This sensitive behavior is
shown by significant (49%) SHG quenching per 1% strain in
atomically thin MoSe2.

58 Such highly sensitive behavior is also
reported for MoS2.

57 However, no study is reported on the
origin of such sensitivity of SHG toward strain in 2D TMDs.
Here, we have used wavelength-dependent SHG of strain-
induced 5L wrinkles to find the origin of this sensitivity.
Wavelength-dependent SHG investigation shows a significant

blue shift in SHG peak for 5L wrinkles (Figure 4c). This shift in
SHG peak position appears to be dependent on strain
amplitude. In the past, Riccardo et al.63 performed biaxial strain
dependent reflectance spectra measurements on WS2 where
strain is found to cause a shift of ∼0.07 eV (12 nm) /% strain in
the position of C-peak, which is in good agreement with our
experimental results (∼15 nm/% compressive strain). In order
to further validate, we employed first-principles density
functional theory (DFT) using the simulation code Abinit to
calculate the strain-dependent wavelength-dependent second-
order nonlinear susceptibility Iχ(−2ω, ω, ω) of 5L WS2 (see
Methods section for more details). Tensile strain causes red
shifting of the SHG peak, whereas compressive strain results in
blue shifting of SHG peak position. The simulation results show
a significant shift in SHG peak position (in resonance with the
C-exciton) upon strain (%) as shown in Figure 4e,f, which is
∼12.5 nm/strain (%). The experimental measurements show a
shift of ∼15 nm/strain (%), which agrees well with the
simulation results. Hence, wavelength-dependent SHG clarifies
the origin of the resonance-enhanced SHG peak shift in strain-
induced wrinkles and thus provides another way to characterize
fold and wrinkle nanostructures. Thus, the shift in SHG peak
position is attributed to the strain-dependent shift in C-exciton
resonance.

CONCLUSIONS

In conclusion, we have shown SHG as a sensitive and powerful
tool to investigate the folding angle and strain angle accurately in
2DWS2. Here, we use a polarization-dependent SHG technique
to measure folding angle and strain vector in atomically thin
tungsten disulfide (WS2). Trilayer folds are found to show 9
times SHG enhancement due to the vector superposition of SH
wave vectors coming from the individual layers of the fold with
60° folding angle. We find strain-dependent SHG quenching
and enhancement in the direction parallel and perpendicular,
respectively, to the direction of the compressive strain vector.
However, despite a variation in strain angle, total SHG remains
constant, which allows us to find the local strain vector using a
photoelastic approach. We also demonstrate that band-nesting-
induced transition (C peak) can highly enhance SHG, which can
be significantly modulated by strain. Our results present an
important advance, with applications in nonlinear optical
devices.

METHODS
Buckled Sample Fabrication. (i) WS2 flakes are first exfoliated

onto prebuckled gel film using Scotch tape. (ii) Subsequently, the gel
film is released, causing compressive forces on exfoliated WS2 flakes
generating well-aligned wrinkles perpendicular to the direction of the
compressive forces, which seem to cross the different layered samples.
(iii, iv) The wrinkles fall down to form trilayer folds in 1−3L WS2,
whereas higher layered numbers (such as 5L) maintain their wrinkle-
like curvature21 (Figure 1a). Strained WS2 samples are transferred on a
Si/SiO2/ substrate.

16

Optical Characterization. SHG measurements are performed on
Zeiss 780 confocal microscopy. The fundamental laser field is provided
by a tunable pulse Ti:sapphire laser with a pulse width of 150 fs and a
repetition rate of 80MHz. A 50× confocal objective lens (NA = 0.85) is
used to excite the sample. SHG measurements are taken at a
fundamental laser wavelength of 900 nm. The reflected SH signal is
collected by the same objective, separated by a beam splitter, and
filtered by suitable optical filters to block the reflected fundamental
radiation. The SH character of the detected radiation is verified by its
half-wavelength of excitation wavelength (Supporting Information
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Section S10) and quadratic power dependence (Supporting Informa-
tion Section S3) on the pump intensity. A laser with a tunability range
(800−1040 nm) is used for wavelength-dependent SHG. For
polarization-resolved SHG, an analyzer (polarizer) is used to select
the polarization component of the SH radiation parallel to the
polarization of the pump beam. The sample is rotated by a rotational
stage to obtain the orientation dependence of the SH response.
Simulations. In the present work, the plane-wave method in the

framework of DFT using the Abinit code is employed. Local density
approximation is used for the exchange−correlation effect, and the
energy cutoff of 52 Ry is chosen for the electron wave function
expansion. A vacuum layer thicker than 10 Å is included to avoid
interaction between periodic layers. The k-point sampling is 24 × 24 ×
1 for the prime cell of 5L WS2.
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Loṕez, N.; Terrones, M.; Crespi, V.; Liu, Z. Extraordinary Second
Harmonic Generation in Tungsten Disulfide Monolayers. Sci. Rep.
2015, 4, 1−5.
(62) Zhu, B.; Chen, X.; Cui, X. Exciton Binding Energy of Monolayer
WS2. Sci. Rep. 2015, 5, 9218.
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