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Abstract: Indium selenide (InSe) is an emerging van der Waals material, which exhibits the potential
to serve in excellent electronic and optoelectronic devices. One of the advantages of layered materials
is their application to flexible devices. How strain alters the electronic and optical properties is, thus,
an important issue. In this work, we experimentally measured the strain dependence on the angle-
resolved second harmonic generation (SHG) pattern of a few layers of InSe. We used the exfoliation
method to fabricate InSe flakes and measured the SHG images of the flakes with different azimuthal
angles. We found the SHG intensity of InSe decreased, while the compressive strain increased.
Through first-principles electronic structure calculations, we investigated the strain dependence on
SHG susceptibilities and the corresponding angle-resolved SHG pattern. The experimental data could
be fitted well by the calculated results using only a fitting parameter. The demonstrated method based
on first—principles in this work can be used to quantitatively model the strain-induced angle-resolved
SHG patterns in 2D materials. Our obtained results are very useful for the exploration of the physical
properties of flexible devices based on 2D materials.

Keywords: second harmonic generation; strain; InSe; first—principles calculation

1. Introduction

Two-dimensional (2D) materials have drawn much attention since the discovery of
graphene in 2004 [1]. Subsequently, graphene and the subsequent derivative 2D materials
have been demonstrated for many applications such as in electronic and optoelectronic
devices [2,3]. Since van der Waals materials can be mechanically exfoliated and transferred
to arbitrary substrates, including bendable polymeric or plastic substrates, studies of the
strain-dependent properties of 2D materials are therefore beneficial for the development
of flexible devices [4,5]. Indium selenide (InSe) is an emerging star in van der Waals
semiconductors [6] due to its superior properties such as ultrahigh mobility [7,8] and large
elastic deformability [9,10]. It has been applied to bendable photodetectors with a good
performance and a broad spectral response [11]. For the application of flexible devices, it is
important to understand how strain affects the relevant physical properties. For example,
InSe was found to exhibit the ultrasensitive tunability of the direct bandgap by applying
uniaxial strain [12,13]. The variation in optical properties under strain could be utilized as
a tool to map the intensity distribution of strain such as photoluminescence spectroscopy
and micro-Raman spectroscopy [14,15]. Recently, optical second harmonic generation
(SHG) techniques have been demonstrated to be a powerful and unique tool for mapping
strain vectors. In addition to the intensity distribution of strain, the direction of the strain
distribution can also be mapped by analyzing the angle-resolved SHG patterns [16].

SHG is a second-order nonlinear process that only occurs in crystals without inversion
symmetry. In a thick crystal, the conversion efficiency of SHG is maximized in the condition
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of phase matching. For thin crystals with a thickness below 100 nm, a few methods have
been proposed to increase the efficiency of SHG recently [17-19]. For example, an optical
interference layer at the bottom of the thin crystals enhances the SHG when the thickness
of the interference layer is designed in the phase condition for the constructive interference
of both the fundamental and second harmonic frequencies [17]. Nanostructured crystals
serving as dielectric nanoantennas for second harmonic emissions have also been demon-
strated [18,19]. While the Mie resonant modes are matched with the fundamental or second
harmonic frequencies, the efficiency of SHG is increased. The nonlinear optical process
highly depends on the motion of the electrons in the lattice structure. It is thus capable
of determining the orientations of single crystals [20]. For example, monolayer transition
metal dichalcogenide (TMD) materials, such as MoS;, WS,, and WSe; possess hexagonal
structures with a point group of D3;,. When a linearly polarized laser is normally incident
to a TMD monolayer, SHG light with the same polarization can be recorded as a function of
the rotation angles of the TMD. This angle-resolved SHG pattern exhibits six-fold rotational
symmetry, and the maximum SHG intensity occurs during laser polarization along the
arm-chair (AC) direction [21-23]. If strain is applied to the hexagonal TMD monolayers, the
crystal symmetry reduces, and the angle-resolved SHG patterns vary accordingly [16,24,25].
Since not only the intensity of SHG, but also the symmetry of the angle-resolved SHG
patterns are analyzed, it is possible to monitor the local strain vector. InSe possesses high
mobility, which is an advantage over the TMDs in certain device applications. It possesses a
periodic honeycomb lattice in three specific phases (3, vy, and ¢) based on different stacking
sequences [26]. SHG is allowed in monolayers and a few layers of InSe in y phase/¢e phase
due to their non-centrosymmetric structures [27-30].

In this work, we investigated the strain dependence on angle-resolved SHG from
mechanically exfoliated 7-InSe flakes. We mapped the SHG images of the strained InSe
flakes with different rotation angles and studied the angle-resolved SHG pattern. Overall,
the SHG intensity decreased with increasing compressive strain. By performing first—
principles electronic structure calculations within the density functional theory, we also
studied the uniaxial strain dependence on SHG susceptibilities. The calculated suscepti-
bility decreases with increasing compressive strain, which agrees with the experimental
results. We demonstrate a method based on first—principles calculations to quantitatively
model the strain-induced angle-resolved SHG patterns in InSe flakes, which is applicable
to other 2D materials. This model is useful to analyze angle-resolved SHG patterns for the
strain mapping of 2D materials.

2. Methods
2.1. Growth of InSe Single Crystals and Their Characterizations

InSe crystals were grown by the vertical Bridgman method. We purchased 99.999%
pure Indium (In) and Selenide (Se) chemicals from Sigma Aldrich. The growth of the InSe
single crystals was performed in quartz ampoules by mixing In and Se powders under a
vacuum of 10~* Pa. The ampoules were placed in a horizontal furnace at 550 °C for two
days to obtain a partially mixed crystal. Later, the mixed crystals were used to grow the
pure InSe single crystal with the help of a vertical Bridgman setup. The furnace during the
Bridgman process was maintained at a high temperature of about 850 °C. The mixed crystal
in the ampoule was hung and heat treated at 850 °C for 24 h; once the mixed crystal melted
entirely in the ampoule, the ampoules were lowered through a temperature gradient of
1 °C at a rate of 0.1 mm/h to obtain a large-sized single crystal. Using this procedure, we
obtained over 5 cm long and 1 cm in diameter InSe single crystals in bulk.

Powder X-ray diffraction (PXRD) was employed to study the lattice phases. The result
of the Rietveld refinement of X-ray diffraction was carried out by the software GSAS, while
the high orientation of the powdered InSe was taken into account for the refinement. The
lattice structure was determined as y-InSe (R3m) with lattice constants a = b = 4.006 A, and
¢ =24.969 A, respectively. The crystal phase was also confirmed by oblique incident SHG
measurements [31]. Although SHG is allowed in both the vy phase and & phase due to their
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non-centrosymmetric structures, their different stacking orders lead to distinguishable z-
related SHG susceptibilities, which are measurable through the angle-resolved p-polarized
SHG (p-out) with an oblique incidence of the p-polarized fundamental light (p-in). The
p-out p-in SHG angle-resolved pattern of our InSe crystal manifested 3-fold rotational
symmetry, indicating the feature of v phase because the p-out p-in angle-resolved SHG
pattern of € phase InSe exhibits 6-fold rotational symmetry.

The sample structure of y-InSe is shown in Figure S1 in the Supplementary Material.
The cross-section view along the [010] direction in Figure Sla indicates how the mono-
layers of InSe are stacked in an ABC manner. The top view of y-InSe along the [001]
direction is shown in Figure S1b, where the AC and zigzag (ZZ) directions are labelled
with black arrows. The bulk y-InSe crystal belongs to the C3, point group and exhibits a
non-centrosymmetric structure.

2.2. Sample Preparation and Strain Engineering

Flakes of InSe in a few layers were prepared by the mechanical exfoliation of the y-InSe
crystal with polydimethylsiloxane (PDMS). Multiple flakes were subsequently transferred
to a polyethylene naphthalate (PEN) flexible substrate, with an SU-8 photoresist film on top.
The thickness of the PEN substrate was about 125 um, and the thickness of SU-8 photoresist
film was in the order of 1 pm. On top of the PEN substrate with the SU-8 photoresist film,
the InSe flakes were examined using an atomic force microscope (AFM). Figure S2a in the
Supplementary Material shows the AFM image around the edge of an InSe flake. Four line
profiles of height were analyzed, as shown in Figure S2b, which reveal that the thickness
is in the range between 7.3 and 8.7 nm. The thickness of the InSe flake we studied in this
work is ~8 nm, which corresponds to ~10 layers.

We referred to the experimental configuration in the literature [32] to design a device
for applying uniaxial strain. As shown in Figure S3 in the Supplementary Material, the
strain device was combined with two sliding stages and screws. The flexible PEN substrate
was placed between the two sliding stages. Uniaxial strain was applied by curving the
PEN substrate via spinning the screws to move the two sliding stages toward each other.
Figure 54 in the Supplementary Material shows the schematic of the curved substrate under
uniaxial strain. The uniaxial strain ¢ in this work was determined following the relationship
¢ = d/2R, where d is the thickness of the substrate and R is the radius of curvature of the
substrate. In the experiments, 125 pm was used for d. To obtain the radius of curvature,
the cross-section images of the curved PEN substrate on the strain device were recorded
using a digital camera. The error of fitting the radius of curvature and retrieving the strain
was within 3%.

2.3. SHG Measurements

The schematic of the experimental setup is shown in Figure S5 in the Supplementary
Material. The ultrafast pulses centered at ~790 nm were generated by a Ti:sapphire laser
at 80 MHz repetition rate (Newport, Tsunami). The bandwidth of the pulses was ~12 nm.
A set of a half-wave plate (HWP) and a polarizing beam splitter (PBS) cube was used to
control the power to prevent damage occurring to the samples. A pulse compressor was
used to compensate the dispersion of the transparent optical components to maximize the
efficiency of SHG from the samples. The beam was directed through a galvo-mirror system
and a long working distance objective lens (20x, NA = 0.35) to scan the samples in two
dimensions. A linear polarizer (LP) was used to purify the polarization of the incident beam.
A dichroic mirror was used to separate the fundamental incident beam and SHG beam from
the sample. The SHG photons were sensed by a single-photon-counting photomultiplier
tube (PMT). A 400 nm bandpass filter (BPF) was placed in front of the PMT to eliminate the
light at the fundamental frequency. A linear polarizer was placed in front of the bandpass
filter, which was rotated to selectively measure the SHG light with polarization that was
parallel or perpendicular to the polarization of the fundamental incident light. A motorized
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rotational stage (Newport, URS150BCC) was on an inverted microscope for recording the
angle-resolved SHG images with a stepping angle of 10 degrees.

2.4. Theoretical Calculations

To theoretically obtain the geometrical structures of InSe under strain and calculate
the SHG susceptibilities of the strained InSe, we performed first-principles calculations
based on the density functional theory (DFT) using the OpenMX code [33], where gener-
alized gradient approximations (GGA) [34], norm-conserving pseudopotentials [35], and
optimized pseudoatomic basis functions [36] were adopted. We constructed a lattice of the
7 phase InSe, with a unit cell consisting of three InSe monolayers in an ABC stacking order,
as shown in Figure S1 in the Supplementary Material. The x-axis was set to be the AC
direction. For the atomic basis functions, three, two, and two optimized radial functions
were allocated to the s, p, and d orbitals, respectively. We adopted a cutoff radius of 7 bohr
for the In atom, denoted as In7.0-s3p2d2. Similarly, for the Se atom, Se7.0-s3p2d2 was
adopted. A cutoff energy of 500 Ry was used for numerical integrations and for the solution
of the Poisson equation. An 8 x 8 x 2 k-point sampling was used. The structures were
fully relaxed without considering spin-orbit coupling at the specified strain, that is, only
the components of the lattice vectors associated with the desired strain were fixed during
the calculations. For the unstrained ground-state structure, no constraint was applied to
the lattice vectors. Once the optimized lattice constants were obtained, the atomic positions
were relaxed again with the effect of spin-orbit coupling. All of the atomic forces in the
resulting lattice satisfied the criterion of being smaller than 0.0001 Ha/bohr. The electronic
self-consistent field (SCF) criterion was set to 10~? Ha, which guaranteed that the differ-
ence between the band energies in the last two consecutive SCF steps was smaller than
the criterion.

The spectra of SHG susceptibilities were calculated via the momentum matrix elements
using the basis of the adopted pseudoatomic basis functions [37], following the formula
derived by Sipe et al. for the independent-particle approximation [38,39]. A 60 x 60 x 8
k-point sampling was used for obtaining the SHG susceptibilities with a broadening
parameter of 7 = 0.1 eV. The electronic temperature was set to 300 K for all of the SCF
and SHG calculations based on the Fermi-Dirac distribution function. Due to the band
gap error in the DFT calculations [40], the calculated band gaps were underestimated,
and a scissor operator with 0.6487 eV was applied to increase the band gaps by shifting
the eigenvalues of unoccupied Kohn-Sham orbitals. The modification to the momentum
matrix elements, which was accompanied by the energy shift, was also taken into account
in the SHG calculations [39].

3. Results and Discussion

Figure 1 reveals the scanning optical images of unstrained InSe flakes. To confirm
that the PMT signals in Figure 1 were SHG signals from the InSe flakes, we measured
the spectrum of the collected light in front of the PMT, as shown in Figure S6a in the
Supplementary Material. The Gaussian-like feature centered at 394 nm confirmed the SHG
of the incident light pulse centered at ~790 nm. We also conducted power-dependent
measurements to confirm the SHG process, as shown in Figure S6b in the Supplementary
Material. The fitting line with a slope of ~2 in the log-log scale confirmed the quadratic
dependence of SHG intensity on the fundamental laser power. For the SHG images in
Figure 1, the polarizers were set so that the polarization of the detected SHG was parallel
to the polarization of the incident light. While the samples were rotated from —20 to
30 degrees, the optical intensity of the biggest flakes among the three flakes increased to
a maximum at 0 degree, shown in Figure 1c, and decreased to a minimum at 30 degrees,
shown in Figure 1f. To further quantitatively analyze the angle-resolved SHG intensity,
we summed up the signals over the biggest flakes in the images of different rotational
angles. The angular dependence on the SHG intensity of parallel polarization (denoted as

I ‘(|2w)) from the biggest InSe flake is revealed by the blue squares in Figure 2. Because the
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hexagonal y-InSe exhibits the point group of Cs;, the angle-resolved I ‘(‘Zw) under normal

incidence also reveals six-fold rotational symmetry. The maximum intensity occurs at the
angle of the incident light polarization along the AC direction [41]. The angle-resolved
I(Za) )

I

as the angle of AC direction with respect to the linear polarization of the incident laser
beam. Angle-resolved analysis is capable of determining the crystal orientations of different
flakes on the substrate. For example, while the SHG intensity of the upper left flake in
Figure 1a was traced for different rotational angles in Figure la—f, the maximum SHG
intensity occurs at 10 degrees in Figure 1d. In contrast to the maximum SHG intensity of
the biggest flake occurring at 0 degree in Figure 1c, the orientation of the upper left flake
was rotated by 10 degrees with respect to that of the biggest flake. We also conducted
mapping measurements with SHG polarization perpendicular to the polarization of the

was fitted with cos? 30, as shown by the blue line in Figure 2. Here, 6 is defined

incident light (denoted as Ifw)). For a similar angle-resolved analysis of the biggest flake,

the orange points in Figure 2 depict the experimental data in the polar plot of I(fw), which

manifest a thirty-degree-rotated pattern of I ﬁz“}), and they are fitted with sin® 36.

€)) —-20° (b) ~-10°
(d) 10° (e) 20°
i

Figure 1. Images of SHG with polarization parallel to the incident light polarization for rotational
angles (a—f) from —20° to 30°.

00

—~
O
~—

[0
o
o)
o
[0
o

[e)]
o
[e)]
o
[e)]
o

N B
o o
SHG Signal (counts)

NS
o o
SHG Signal (counts)

N H
o o
SHG Signal (counts)

o
o
o

—~~
—H
N

30°

[ee]
o
]
o
[0e]
o

()]
o
[*)]
o
[*)]
o

N
o

S
o
SHG Signal (counts)

N
o

N
o
SHG Signal (counts)

N
o

N
o
SHG Signal (counts)

0 0 0

®  Parallel
90 Perpendicular

1.0
0.8 -
0.6 150
0.4
0.2
0.01180
0.2
0.4
067 210
0.8 -
1.0

Normalized Intensity

270

Figure 2. Normalized angle-resolved SHG patterns for SHG polarization parallel (blue squares) and
perpendicular (orange dots) to the incident light polarization. The blue and orange solid lines are
cos? 30 and sin? 36 curves, respectively.
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We further applied compressive uniaxial strain on the samples along the AC direction
(6 = 0°) of the biggest InSe flakes and mapped the images of I ‘(|2w) as a function of rotational

angles. The polar plots of I |(‘2w) under different strain levels (—0.18%, —0.36%, —0.53%, and

—0.83%) are shown in Figure 3. The best fitting lines with cos? 30 are shown to guide the
eyes. Overall, the intensity of SHG decreases with increasing compressive strain.

= 0%

= -018%
-0.36 %
-0.53 %

= -0.83%

Intensity (104 photon counts)

270

Figure 3. Angle-resolved SHG of InSe under different strain levels. The dots depict the experimental
data and are fitted with cos? 30, which is shown in solid lines to make it easier to see.

In order to obtain more insight into strain-induced angle-resolved SHG patterns, we
theoretically calculated the uniaxial strain dependence on SHG susceptibilities. First, we
used the first—principles method to calculate the band structures of InSe under different
compressive strains. The strain was applied along the AC direction, which is defined as
the x direction. Subsequently, the spectra of SHG susceptibilities were calculated following
the method described in Section 2.4 and are shown in Figure S7 in the Supplementary
Materials. The SHG susceptibilities are dependent on the photon energy. Here, we focus
on the non-zero SHG susceptibilities at 1.55 eV, which is the photon energy of the incident

light in the experiments. Figure 4a shows the strain dependence on ‘ x@ ‘ at 1.55 eV. The

real parts, imaginary parts, and phases of non-zero SHG susceptibilities at 1.55 eV are
shown in Figure S8 in the Supplementary Material. When the compressive strain increases

from 0% to —2%, all of the non-zero components of ‘ x@ ’ decrease. These trends agree

with the experimental results that the SHG intensity decreases with increasing strain. We
developed a model based on these first-principles results to quantify the rotational angle
dependence on the polarized SHG intensity and to compare them with the experimental
data. The second-order polarization P?) can be expressed as

P o Y Xffk) EjEy. 1)
jk

)(1(]%() is the second-order susceptibility tensor component and E; (Ey) is the electric field. The

indices i, j, and k can be 1, 2, and 3 corresponding to x, y, and z in Cartesian coordinates,
respectively. Because E; and Ey have the same frequencies w in SHG, the second-order sus-

ceptibility possesses intrinsic permutation symmetry, which is Xz(ﬁc) = )(1(,3]) By considering

this permutation rule, the third-rank tensor x(?) for SHG is contracted to a 3 x 6 matrix
with element d;,,. The index m canbe 1 = xx, 2 =yy, 3 = zz, 4 = yz, zy, 5 = xz, zx, and 6 = Xy,
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yx. Since the unstrained y phase InSe belongs to the Cs, point group, its d-matrix has eight
non-zero components, as follows [20].

dn di2 0 0 dis O
d=10 0 0 dy 0 dol, @)
dy1 dp diz 0 0 0

where —dy1 = dip = dyg, dis = dog, and d3; = dszp. Because the fundamental beam is
normally incident to InSe, we consider the polarization of light on the x-y plane with
respect to the x-axis. The electric field vector can be written as [20]

cos? 6
sin? 6

E= ) 3)

2sin 6 cosf

0
fn . ° = (s}
195+ . e . d12 g
A192- 2 . ] " . d26 > )
2 46 [ ] E
£ - c 1
£ 451 u - d33 2
= . c O
o 44¢ " -
= g 1
6 * TR
L n n X ] d 3
4 . ’ | 24
2r A ,‘ . A d31 4
20 15 1.0 -05 0.0
- d32 270

Strain (%)

(a) (b)

Figure 4. (a) Calculated nonzero ‘ X(z) ’ components at photon energy 1.55 eV at different uniaxial

2w)

strain levels. (b) Angle-resolved I \(l pattern under 0% and —20% strain derived from the calculated

x? at1.55 V.

The parallel SHG intensity for unstrained InSe is

Iﬁzw) I |chos(9+Pysin9|2 — |d cos 36|%, 4)
where d = dy; = —djp; = —dos. Because both the SHG and fundamental polarizations
are on the x-y plane, the z-related components, namely dis5, dps, d31, dap, and ds3, do
not contribute to the signals. Due to the relationship between the other three non-zero

components, —dy; = dip = dag, | |(‘2w) is thus only determined by one parameter d in

Equation (4).
Since the variation in SHG susceptibilities is linear to the compressive strain, the strain
effect on the SHG susceptibilities could thus be modelled as follows.

dit]ram — dﬂistram =+ Ag,ditzmm — dﬂzstram 4 ledatgam — da{gstmzn 4 Ce. (5)

The coefficients A, B, and C are complex numbers and specify the linear deviations
of complex SHG susceptibilities d11, dip, and dag with respect to strain, respectively. Since
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dunstrain — _guastrain — _gunstrain — g the angle-dependent SHG intensity under uniaxial
compressive strain is derived as

(2w) 3 ") 2

[ e ‘dcosBG—!—e[Acos 6 + (B +2C) sin GCOSGH . (6)

d is the calculated SHG susceptibility without strain. The coefficients A, B, and C were

obtained by generating linear fits of the calculated strain dependence on the SHG sus-

ceptibilities shown in Figure S8a,b in the Supplementary Material. The blue line and the

red line in Figure 4b reveal the calculated angle-resolved I (‘Zw) fore = 0and ¢ = —20%

in Equation (6), respectively. Here, a large strain value of —20% was intentionally used
to highlight the variation in the angle-resolved SHG pattern. Compared with the pat-
tern without strain, the overall intensity reduces, but it exhibits anisotropy due to the
strain. The rotational symmetry is reduced from six-fold to two-fold symmetry because
the uniaxial compressive strain along the AC direction lowers the crystal symmetry of
vY-InSe from the point group of Cz, to the point group of Cy,. The two petals at 0° and
180°, which mean that the laser polarization is along the uniaxial strain direction, reduce
more than the other four petals do. In Equation (6), the d cos 36 term, which is a function

(20) without strain, as

with six-fold rotational symmetry, describes the angle-resolved I |
shown by the blue line in Figure 4b. The modification due to the strain effect is found
in the term [A cos® 6 + (B + 2C) sin® § cos 0], which is a function with two-fold rotational
symmetry. Therefore, the modification due to the strain term reduces the symmetry of the

angle-resolved I ‘(‘2‘”) , as shown by the red line in Figure 4b.

To quantitatively understand the appropriateness of the aforementioned model, we

used the strain values in the experiments to calculate the angle-resolved I |(‘2w) in Equation (6)

for a comparison with the experimental data. Note that d, A, B, and C are derived from
the results of first—principles calculations in Figure 4a and are not the fitting parameters.
With only a scaling factor f2, which is multiplied on the right-hand side of Equation (6),
the blue line in Figure 5a reveals the best fit curve for ¢ = 0. By using the same scaling
“) for e = —0.83%. Although the intensity of both the
experimental and theoretical data drops due to the strain, that of the experimental data
drops more, as shown in Figure 5a. To quantitatively evaluate the deviation of theoretical
curves from the experimental results, the r-squared values of each theoretical curve for
£ = —0.18%, —0.36%, —0.53%, and —0.83% were calculated as 0.992, 0.987, 0.985, and 0.968,
respectively, as shown in Figure S9a—d in the Supplementary Material. The r-squared
value decreases with an increasing strain value, indicating that the theoretical curves
deviate more from experimental results under higher strain. In other words, the model
based on the first-principles calculation underestimates the strain-induced variation in the
SHG susceptibilities.

The model should be modified to appropriately fit the experimental data. Here, we
additionally introduced a correction parameter f, and replaced ¢ in Equation (6) with fye.
By fitting the parameter f, = 4.48, we obtained the maximum summation of the r-squared
values for all of the data with different strains. The r-squared values of each modified
theoretical curve for ¢ = —0.18%, —0.36%, —0.53%, and —0.83% are 0.993, 0.996, 0.996,
and 0.995, respectively, as shown in Figure S9e-h in the Supplementary Material. The
fitting results for all of the experimental data are also depicted in Figure 5b. By only using
a correction parameter, the results from the model based on first—principles calculations
quantitatively agree well with the experimental data.

value of f2, the red line depicts I ﬁz
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Figure 5. (a) The experimental results in dots and the calculated curves in solid lines from the model
based on the first-principles methods without a correction parameter. (b) The calculated curves with
a correction parameter to linearly modify the strain term.

4. Conclusions

We mapped the SHG images of y-InSe flakes under uniaxial strain. By recording the
SHG intensity mapping of InSe flakes with different azimuthal angles, the angle-resolved
SHG patterns were obtained. We also performed first—principles calculations to study
the strain dependence on the SHG susceptibilities and the corresponding angle-resolved
SHG patterns. Both the experimental and calculated results indicate that the SHG intensity
decreased with increasing uniaxial strain on the InSe flake. Our experimental investigation
and theoretical model provide a way to analyze angle-resolved SHG patterns for the
strain mapping of y-InSe flakes, which is very useful for better understanding the physical
properties of 2D materials implemented in flexible devices. The modeling method proposed
in this work is expected to be applicable to investigations of the strain-dependent SHG in
other 2D materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano13040750/s1, Figure S1. Structure of vy phase InSe from
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Author Contributions: Conceptualization, Z.-Y.L. and K.-H.L.; methodology, H.-Y.C.,S.-H K., H-C.Y.,
C.R.PIL, RS, M.-N.O. and Y.-EC.; software, Z.-Y.L., H.-Y.C., S.-H.K,, C.-C.L. and K.-H.L.; formal
analysis, Z.-Y.L. and H.-Y.C; data curation, Z.-Y.L., H.-Y.C. and S.-H.K.; writing—original draft
preparation, Z.-Y.L., H.-Y.C. and K.-H.L.; writing—review and editing, Z.-Y.L., Y.-F.C., C.-C.L. and
K.-H.L.; supervision, C.-C.L. and K.-H.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Science and Technology Council (NSTC), Tai-
wan, under grant numbers 111-2112-M-001-087 (KHL), 110-2112-M-001-060 (KHL), 110-2112-M-032-
016-MY2 (CCL), 111-2124-M-001-009 (RS), and 110-2112-M-001-065-MY3 (RS). This work was also
supported by Academia Sinica, Taiwan under the grant number AS-iMATE-19-112 (RS).


https://www.mdpi.com/article/10.3390/nano13040750/s1
https://www.mdpi.com/article/10.3390/nano13040750/s1

Nanomaterials 2023, 13, 750 10 of 11

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors acknowledge resources and support from the Quantum Materials
Shared Facilities of Institute of Physics, Academia Sinica, Taiwan.

Conflicts of Interest: The authors have no conflict to disclose.

References

1. Novoselov, K.S.; Geim, A.K.; Morozov, S.V; Jiang, D.-E.; Zhang, Y.; Dubonos, S.V.; Grigorieva, 1.V,; Firsov, A.A. Electric field effect
in atomically thin carbon films. Science 2004, 306, 666—-669. [CrossRef] [PubMed]

2. Zhang, Y,; Rubio, A.; Le Lay, G. Emergent elemental two-dimensional materials beyond graphene. J. Phys. D Appl. Phys. 2017, 50,
053004. [CrossRef]

3. Tan, T, Jiang, X.; Wang, C.; Yao, B.; Zhang, H. 2D material optoelectronics for information functional device applications: Status
and challenges. Adv. Sci. 2020, 7, 2000058. [CrossRef] [PubMed]

4.  Akinwande, D.; Petrone, N.; Hone, J. Two-dimensional flexible nanoelectronics. Nat. Commun. 2014, 5, 5678. [CrossRef]

5. Gao, L. Flexible device applications of 2D semiconductors. Small 2017, 13, 1603994. [CrossRef]

6. Dai, M.; Gao, C; Nie, Q.; Wang, Q.J.; Lin, Y.E; Chu, J.; Li, W. Properties, Synthesis, and Device Applications of 2D Layered InSe.
Adv. Mater. Technol. 2022, 7, 2200321. [CrossRef]

7. Sucharitakul, S.; Goble, N.J.; Kumar, U.R,; Sankar, R.; Bogorad, Z.A.; Chou, E-C.; Chen, Y.-T.; Gao, X.P. Intrinsic electron mobility
exceeding 10% ecm?/(V s) in multilayer InSe FETs. Nano Lett. 2015, 15, 3815-3819. [CrossRef]

8. Bandurin, D.A,; Tyurnina, A.V.; Yu, G.L.; Mishchenko, A.; Zélyomi, V.; Morozov, S.V.; Kumar, R.K.; Gorbachev, R.V.; Kudrynskyi,
Z.R.; Pezzini, S. High electron mobility, quantum Hall effect and anomalous optical response in atomically thin InSe. Nat.
Nanotechnol. 2017, 12, 223-227. [CrossRef]

9. Wei, T.-R,; Jin, M.; Wang, Y.; Chen, H.; Gao, Z.; Zhao, K.; Qiu, P; Shan, Z; Jiang, J.; Li, R. Exceptional plasticity in the bulk
single-crystalline van der Waals semiconductor InSe. Science 2020, 369, 542-545. [CrossRef]

10. Zhao, Q.; Frisenda, R.; Wang, T.; Castellanos-Gomez, A. InSe: A two-dimensional semiconductor with superior flexibility.
Nanoscale 2019, 11, 9845-9850. [CrossRef]

11. Tamalampudi, S.R.; Lu, Y.-Y,; U,, RK,; Sankar, R.; Liao, C.-D.; Cheng, C.-H.; Chou, EC.; Chen, Y.-T. High performance and
bendable few-layered InSe photodetectors with broad spectral response. Nano Lett. 2014, 14, 2800-2806. [CrossRef] [PubMed]

12.  Li, Y,; Wang, T.; Wu, M,; Cao, T.; Chen, Y.; Sankar, R.; Ulaganathan, R.K.; Chou, F.,; Wetzel, C.; Xu, C.-Y. Ultrasensitive tunability of
the direct bandgap of 2D InSe flakes via strain engineering. 2D Mater. 2018, 5, 021002. [CrossRef]

13.  Song, C.; Fan, E; Xuan, N.; Huang, S.; Zhang, G.; Wang, C.; Sun, Z.; Wu, H.; Yan, H. Largely tunable band structures of few-layer
InSe by uniaxial strain. ACS Appl. Mater. Interfaces 2018, 10, 3994—4000. [CrossRef] [PubMed]

14. Cassidy, D.T.; Lam, S.; Lakshmi, B.; Bruce, D.M. Strain mapping by measurement of the degree of polarization of photolumines-
cence. Appl. Opt. 2004, 43, 1811-1818. [CrossRef]

15. Tripathy, S.; Chua, S.; Chen, P.; Miao, Z. Micro-Raman investigation of strain in GaN and Aly Ga;_ x N/GaN heterostructures
grown on Si (111). J. Appl. Phys. 2002, 92, 3503-3510. [CrossRef]

16. Mennel, L.; Furchi, M.M.; Wachter, S.; Paur, M.; Polyushkin, D.K.; Mueller, T. Optical imaging of strain in two-dimensional
crystals. Nat. Commun. 2018, 9, 516. [CrossRef]

17.  Sugita, A.; Mochiduki, K.; Katahira, Y.; Ng, S.H.; Juodkazis, S.O.E. Augmentation of surface plasmon-enhanced second harmonic
generation from Au nanoprisms on SiO, /Si: Interference contribution. Opt. Express 2022, 30, 22161-22177. [CrossRef]

18. Sautter, D., Jr.; Xu, L.; Miroshnichenko, A.E.; Lysevych, M.; Volkovskaya, I.; Smirnova, D.A.; Camacho-Morales, R.; Zangeneh
Kamali, K.; Karouta, F.; Vora, K. Tailoring second-harmonic emission from (111)-GaAs nanoantennas. Nano Lett. 2019, 19,
3905-3911. [CrossRef]

19. Gili, V.E; Carletti, L.; Locatelli, A.; Rocco, D.; Finazzi, M.; Ghirardini, L.; Favero, I.; Gomez, C.; Lemaitre, A.; Celebrano, M.
Monolithic AlGaAs second-harmonic nanoantennas. Opt. Express 2016, 24, 15965-15971. [CrossRef]

20. Boyd, R.W. Nonlinear Optics; Academic Press: London, UK, 2020.

21. Kumar, N.; Najmaei, S.; Cui, Q.; Ceballos, E; Ajayan, PM.; Lou, J.; Zhao, H. Second harmonic microscopy of monolayer MoS;.
Phys. Rev. B 2013, 87, 161403. [CrossRef]

22. Janisch, C.; Wang, Y.; Ma, D.; Mehta, N.; Elias, A.L.; Perea-Lopez, N.; Terrones, M.; Crespi, V.; Liu, Z. Extraordinary second
harmonic generation in tungsten disulfide monolayers. Sci. Rep. 2014, 4, 5530. [CrossRef] [PubMed]

23. Ribeiro-Soares, J.; Janisch, C.; Liu, Z.; Elias, A.; Dresselhaus, M.; Terrones, M.; Cangado, L.; Jorio, A. Second harmonic generation
in WSe,. 2D Mater. 2015, 2, 045015. [CrossRef]

24. Mennel, L.; Paur, M.; Mueller, T. Second harmonic generation in strained transition metal dichalcogenide monolayers: MoS,,
MoSe,, WS,, and WSe,. APL Photonics 2019, 4, 034404. [CrossRef]

25. Liang, J.; Zhang, J.; Li, Z.; Hong, H.; Wang, J.; Zhang, Z.; Zhou, X.; Qiao, R.; Xu, J.; Gao, P. Monitoring local strain vector in
atomic-layered MoSe; by second-harmonic generation. Nano Lett. 2017, 17, 7539-7543. [CrossRef]

26. Grimaldi, I; Gerace, T.; Pipita, M.; Perrotta, I.; Ciuchi, F.; Berger, H.; Papagno, M.; Castriota, M.; Pacilé, D. Structural investigation

of InSe layered semiconductors. Solid State Commun. 2020, 311, 113855. [CrossRef]


http://doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://doi.org/10.1088/1361-6463/aa4e8b
http://doi.org/10.1002/advs.202000058
http://www.ncbi.nlm.nih.gov/pubmed/32537415
http://doi.org/10.1038/ncomms6678
http://doi.org/10.1002/smll.201603994
http://doi.org/10.1002/admt.202200321
http://doi.org/10.1021/acs.nanolett.5b00493
http://doi.org/10.1038/nnano.2016.242
http://doi.org/10.1126/science.aba9778
http://doi.org/10.1039/C9NR02172H
http://doi.org/10.1021/nl500817g
http://www.ncbi.nlm.nih.gov/pubmed/24742243
http://doi.org/10.1088/2053-1583/aaa6eb
http://doi.org/10.1021/acsami.7b17247
http://www.ncbi.nlm.nih.gov/pubmed/29322766
http://doi.org/10.1364/AO.43.001811
http://doi.org/10.1063/1.1502921
http://doi.org/10.1038/s41467-018-02830-y
http://doi.org/10.1364/OE.460118
http://doi.org/10.1021/acs.nanolett.9b01112
http://doi.org/10.1364/OE.24.015965
http://doi.org/10.1103/PhysRevB.87.161403
http://doi.org/10.1038/srep05530
http://www.ncbi.nlm.nih.gov/pubmed/24984953
http://doi.org/10.1088/2053-1583/2/4/045015
http://doi.org/10.1063/1.5051965
http://doi.org/10.1021/acs.nanolett.7b03476
http://doi.org/10.1016/j.ssc.2020.113855

Nanomaterials 2023, 13, 750 11 of 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Hao, Q.; Yi, H.; Su, H.; Wei, B.; Wang, Z.; Lao, Z.; Chai, Y.; Wang, Z; Jin, C.; Dai, J. Phase identification and strong second
harmonic generation in pure e-InSe and its alloys. Nano Lett. 2019, 19, 2634-2640. [CrossRef]

Koskinen, K.; Slablab, A.; Divya, S.; Czaplicki, R.; Chervinskii, S.; Kailasnath, M.; Radhakrishnan, P.; Kauranen, M. Bulk
second-harmonic generation from thermally evaporated indium selenide thin films. Opt. Lett. 2017, 42, 1076-1079. [CrossRef]
Zhou, J.; Shi, J.; Zeng, Q.; Chen, Y.; Niu, L.; Liu, E; Yu, T.; Suenaga, K.; Liu, X,; Lin, J. InSe monolayer: Synthesis, structure and
ultra-high second-harmonic generation. 2D Mater. 2018, 5, 025019. [CrossRef]

Leisgang, N.; Roch, J.G.; Froehlicher, G.; Hamer, M.; Terry, D.; Gorbachev, R.; Warburton, R.J. Optical second harmonic generation
in encapsulated single-layer InSe. AIP Adv. 2018, 8, 105120. [CrossRef]

Sun, Z.; Zhang, Y.; Qian, J.; Qiao, R,; Li, X.; Wang, Z.; Zheng, C.; Liu, K.; Cao, T,; Liu, W.T. Compelling Evidence for the ¢-Phase
InSe Crystal by Oblique Incident Second Harmonic Generation. Adv. Opt. Mater. 2022, 10, 2201183. [CrossRef]

Island, J.O.; Kuc, A.; Diependaal, E.H.; Bratschitsch, R.; Van Der Zant, H.S.; Heine, T.; Castellanos-Gomez, A. Precise and
reversible band gap tuning in single-layer MoSe; by uniaxial strain. Nanoscale 2016, 8, 2589-2593. [CrossRef] [PubMed]

The Code, OpenMX, Pseudoatomic Basis Functions, and Pseudopotentials Are Available on a Website. Available online:
https:/ /www.openmx-square.org/ (accessed on 3 December 2019).

Perdew, ].P; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
[PubMed]

Morrison, I.; Bylander, D.; Kleinman, L. Nonlocal Hermitian norm-conserving Vanderbilt pseudopotential. Phys. Rev. B 1993, 47, 6728.
[CrossRef] [PubMed]

Ozaki, T. Variationally optimized atomic orbitals for large-scale electronic structures. Phys. Rev. B 2003, 67, 155108. [CrossRef]
Lee, C.-C; Lee, Y.-T.; Fukuda, M.; Ozaki, T. Tight-binding calculations of optical matrix elements for conductivity using
nonorthogonal atomic orbitals: Anomalous Hall conductivity in bec Fe. Phys. Rev. B 2018, 98, 115115. [CrossRef]

Ghahramani, E.; Moss, D.; Sipe, ]J. Full-band-structure calculation of second-harmonic generation in odd-period strained
(Si)n/(Ge)n superlattices. Phys. Rev. B 1991, 43, 8990. [CrossRef] [PubMed]

Duan, C.-G.; Li, J.; Gu, Z.-Q.; Wang, D.-S. First-principles calculation of the second-harmonic-generation coefficients of borate
crystals. Phys. Rev. B 1999, 60, 9435. [CrossRef]

Onida, G.; Reining, L.; Rubio, A. Electronic excitations: Density-functional versus many-body Green’s-function approaches. Rev.
Mod. Phys. 2002, 74, 601. [CrossRef]

Deckoff-Jones, S.; Zhang, J.; Petoukhoff, C.E.; Man, M.K,; Lei, S.; Vajtai, R.; Ajayan, PM.; Talbayev, D.; Madéo, J.; Dani, K.M.
Observing the interplay between surface and bulk optical nonlinearities in thin van der Waals crystals. Sci. Rep. 2016, 6, 22620.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acs.nanolett.9b00487
http://doi.org/10.1364/OL.42.001076
http://doi.org/10.1088/2053-1583/aab390
http://doi.org/10.1063/1.5052417
http://doi.org/10.1002/adom.202201183
http://doi.org/10.1039/C5NR08219F
http://www.ncbi.nlm.nih.gov/pubmed/26786051
https://www.openmx-square.org/
http://doi.org/10.1103/PhysRevLett.77.3865
http://www.ncbi.nlm.nih.gov/pubmed/10062328
http://doi.org/10.1103/PhysRevB.47.6728
http://www.ncbi.nlm.nih.gov/pubmed/10004645
http://doi.org/10.1103/PhysRevB.67.155108
http://doi.org/10.1103/PhysRevB.98.115115
http://doi.org/10.1103/PhysRevB.43.8990
http://www.ncbi.nlm.nih.gov/pubmed/9996567
http://doi.org/10.1103/PhysRevB.60.9435
http://doi.org/10.1103/RevModPhys.74.601
http://doi.org/10.1038/srep22620

	Introduction 
	Methods 
	Growth of InSe Single Crystals and Their Characterizations 
	Sample Preparation and Strain Engineering 
	SHG Measurements 
	Theoretical Calculations 

	Results and Discussion 
	Conclusions 
	References

