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ABSTRACT

SHG intensity

Optical second harmonic generation (SHG) is known as a sensitive probe to the crystalline symmetry of few-layer transition metal dichalcogenides (TMDs).

Layer-number dependent and polarization resolved SHG have been observed for the special case of Bernal stacked few-layer TMDs, but it remains largely

unexplored for structures deviated from this ideal stacking order. Here we report on the SHG from homo- and heterostructural TMD bilayers formed by

artificial stacking with an arbitrary stacking angle. The SHG from the twisted bilayers is a coherent superposition of the SH fields from the individual layers,

with a phase difference depending on the stacking angle. Such an interference effect is insensitive to the constituent layered materials and thus applicable

to hetero-stacked bilayers. A proof-of-concept demonstration of using the SHG to probe the domain boundary and crystal polarity of mirror twins formed in

chemically grown TMDs is also presented. We show here that the SHG is an efficient, sensitive, and nondestructive characterization for the stacking

orientation, crystal polarity, and domain boundary of van der Waals heterostructures made of noncentrosymmetric layered materials.
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artificial stacking

chalcogenides (TMDs), such as MX;

(M = Mo, W; X =S, Se), are semicon-
ducting layered materials, exhibiting fasci-
nating layer-number dependent electronic
and optical properties,’ which are sensitive
to the underlying crystal symmetry and
differ greatly from their bulk counterparts.
For instance, single-layer molybdenum di-
sulfide (MoS,) is known as a direct-gap
semiconductor with broken inversion sym-
metry in its crystalline structure,’> which
can generate strong valley dependent po-
larizations by helical lights.*° Bilayer MoS,,
on the other hand, has vanished valley po-
larization due to the restoration of crystal
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inversion symmetry.>® The presence or the
absence of inversion symmetry in few-layer
TMDs also manifests itself in their second-
order optical nonlinearity. Intense and layer-
number dependent optical second harmo-
nic generation (SHG) have been observed in
few-layer TMDs,” ! owing to the nonvan-
ished second-order nonlinearity associated
with the broken inversion symmetry in
flakes with odd number of layers. However,
such layer-number dependent properties
are preserved only when the few-layer
TMDs are Bernal stacked.”?'® Unlike those
prepared by exfoliation from nature crystals,
the few-layer TMDs® or hexagonal boron
nitride (h-BN)'' grown by chemical vapor
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Figure 1. (a) An optical microscopy image of the artificially stacked MoS, bilayers. Monolayer (1L), bilayer (2L), and substrate
regions are indicated by arrows. (b) A low-magnification TEM image for a triangular MoS, monolayer flake. The scale bar is
5 um. (c) The FFT filtered HR-TEM image of the MoS, flake shown in (b). The hexagonal lattice structure is clearly observed,
with brighter spots corresponding to the Mo sites. (d) A schematic showing the lattice structure of an artificially stacked MoS,

bilayer with a stacking angle 6.

deposition (CVD) may deviate from this ideal stacking
order with interlayer rotations, displacements, or even
stacking faults. The structure—property relationships in
twisted bilayer graphene have been investigated in-
tensively recently;'>~"> however, they remain largely
unexplored for twisted bilayer TMDs.

Furthermore, recent advances in isolating and sub-
sequent restacking of heterogeneous layered materi-
als, including graphene, h-BN, and TMDs, have opened
up a new research direction for exploring new proper-
ties and functionalities of artificial materials for versa-
tile applications.'® The success of these van der Waals
hybrid materials has manifested itself in flexible photo-
voltaic devices'” and field-effect tunneling transis-
tors.'® Vertical stacking of TMDs homo- and hetero-
structures with precise control of twist angles would
create new materials with a tailored interlayer cou-
pling that is strongly stacking orientation depen-
dent.'®141920 Therefore, an efficient and noninvasive
characterization tool for identifying the stacking angle
is desirable. In this context, the SHG appears as a
promising technique, since the second harmonic (SH)
response is a sensitive probe to the underlying crystal-
line symmetry and orientation. The SH microscopy has
been proven to be useful for identifying the odd/even
number of layers”®'® and probing the crystallographic
axis® ™" in few-layer TMDs and h-BN. However, the
stacking angle dependence of the SHG from homo-
and hetero-stacked TMD twisted bilayers has yet to be
established.

In this work, we investigate the SH response of
artificially stacked TMDs bilayers with an arbitrary
stacking angle. We first start from the prototypical
homo-stacked MoS,/MoS, bilayers and demonstrate
that the SHG from the twisted bilayers is a coherent
superposition of the SH fields from the constituent
monolayers, with a phase difference depending on the
stacking angle. The resulting intensity and polarization
of the SHG as a function of the stacking angle can thus
be established. We further extend the study to hetero-
stacked WSe,/MoS, and WSe,/WS, bilayers and show
that the same idea is applicable and insensitive to the
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constituent layered materials. Finally, a proof-of-
concept demonstration of using the SH microscopy
to probe structural defects in CYD-grown TMDs, such
as the domain boundary and crystal polarity of mirror
twins, is presented.

RESULTS AND DISCUSSION

Figure 1a shows an optical microscopy image of the
artificially stacked MoS, bilayers. Monolayer MoS,
flakes were first synthesized by CVD on sapphire
substrates.®' The artificially stacked MoS, bilayers were
then fabricated by transferring the as-grown mono-
layer flakes onto another substrate with monolayer
flakes already formed thereon (see Methods). The CVD-
synthesized MoS, flakes are mostly in triangular shape
with a typical side length of around ~10 um. According
to high-resolution transmission electron microscopy
(HR-TEM) and optical (Photoluminescence and Raman)
characterizations (see Supporting Information), these
triangular MoS, flakes are monolayer thick and single
crystalline with edges along the zigzag direction
(Figure 1b,c). Therefore, the crystallographic twist an-
gles of the MoS; bilayers (Figure 1d) can be determined
directly by the relative orientation between the two
constituent triangular flakes observed in optical micro-
scopy images.

To illustrate how the stacking orientation affects the
optical SHG, we select here two representative stacking
orientations in nearly parallel (6 = 0°) and antiparallel
(6 = 60°) configurations. Figure 2a,b shows the optical
microscopy images of the two stacking configurations.
The corresponding spatial mappings of SH intensity
from individual monolayer MoS, flakes and the stack-
ing regions are displayed in Figure 2¢,d. In this experi-
ment, we measured the total SH power, which is
independent of the polarization direction of the in-
cident laser field with respect to the crystallographic
axis. For the case of antiparallel stacking (Figure 2¢), the
SH intensity from each MoS, flake is quite uniform,
except for the stacking region, where the SH intensity is
strongly suppressed. It is well-known that the SHG
signal occurs (vanishes) in materials with the absence
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(presence) of inversion symmetry. Monolayer MoS,
crystal belongs to the Dsj, point group with broken
inversion symmetry and thus allows strong SHG. For
MoS, bilayers exfoliated from bulk crystal with the
Bernal (2H) stacking order, the crystal belongs to the
D34 point group with inversion symmetry and hence
vanishes the SH response. The strongly suppressed SH

Figure 2. (a and b) Optical microscopy images for stacked
MoS; bilayers with a stacking angle of (a) 6 = 60° and (b) 6 =
0°. (c and d) The corresponding false color-coded SH
intensity obtained by pixel-to-pixel spatial mappings of
flakes in (a) and (b). The scale bars are 5 um.

response in the stacking region shown in Figure 2c
indicates that the underlying crystal symmetry is close
to the Bernal stacked bilayer. On the contrary, as shown
in Figure 2d for the case of nearly parallel stacking, an
enhanced SH intensity can be observed in the stacking
region. The SH intensity is about ~3.2 times stronger
than that of individual monolayers. This demonstrates
that the SH response is sensitive to the stacking
orientation, which cannot be observed in few-layer
MoS, exfoliated from bulk crystal with the ideal Bernal
stacking.

The underlying crystal symmetry and crystallo-
graphic orientation of individual monolayer MoS,
flakes and the stacking regions can be further exam-
ined by the polarization-resolved SHG. We select here a
particular bilayer with a stacking angle of 6 = 25°
between flakes 1 and 2 (Figure 3a). The SHG experi-
ment is performed in a back-reflection geometry using
a pump laser normally incident on the sample
(Figure 3b). The incident pump laser is linearly polar-
ized along the x direction, which is initially aligned with
the armchair direction of the flake 1 (Figure 3c). For the
monolayer MoS, crystal with a three-fold rotational
symmetry, the SH response with a polarization parallel
(perpendicular) to the incident laser polarization is
known to exhibit a six-fold rotational symmetry, with
a SH intensity varies as fj o< cos 3¢ (I, o< sin?3¢),2 122
where ¢ is the azimuthal angle between the incident
laser polarization and the armchair direction. The SH

(d) flake (1) (e) flake (2) (f) stacking region (3)
1200 - 12004 2400 4
9004 9004 1800 4
6004 G004 1200 4
3004 3004 600 4
04 04 04
3004 300 4 600 4
6004 600 4 1200 4
900 4 900 4 1800 4
12004 12004 2400 4

Figure 3. (a) The optical microscopy image of a particular MoS, bilayer with a stacking angle of 6 = 25°. The scale is 5 um.
(b and c) Schematics showing (b) the measurement geometry and (c) the polarization directions of the incident laser and the
measured SHG. The azimuthal angle ¢ defines the angle between the laser polarization and the x-axis, which is aligned with
the armchair direction of the flake (1). (d—f) Polar plots of the polarization-resolved SH intensity as a function of azimuthal
angle ¢ measured from (d) the monolayer region (1), (e) the monolayer region (2), and (f) the stacking region (3).
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response thus shows an intensity maximum when the
incident laser polarization aligns with the armchair
(zigzag) direction for the parallel (perpendicular) po-
larization configuration.8~'° As shown in Figure 3d,e,
the polarization-resolved SHG of individual flake
(measured under the parallel polarization configura-
tion) shows a six-petal pattern, with petals lying along
the perpendicular bisectors of each flake. This also
agrees with our TEM analysis, where the perpendicular
bisectors (edges) of the MoS, triangles are aligned with
the armchair (zigzag) directions. Interestingly, the SH
light from the stacking region also show a six-petal
polarization pattern (Figure 3f), but with petals lying
along a direction between the two nearest perpendi-
cular bisectors of flakes 1 and 2. This clearly indicates
that the SHG from the stacking region is not contrib-
uted independently from individual flakes.

The SH response in the artificially stacked MoS,
bilayers can be modeled as two electrically decoupled
layers of atomically thin sheet dipole moments driven
coherently by the fundamental laser field."® The line-
arly polarized fundamental laser field generates line-
arly polarized SH fields from each layer, with a
polarization direction determined by the angle be-
tween laser polarization and the respective armchair
direction of each layer. The SH fields generated from
the two layers then interfere coherently with a phase
difference depending on the stacking angle. The re-
sulting polarization of SHG from the stacking region
thus retains the six-fold rotational symmetry, but with
petals lying between the two flakes. Furthermore, the
coherent superposition of SH fields can be either
constructive or destructive, leading to an enhanced
or suppressed SH intensity in the stacking region. This
simple model has been employed to explain some
experimental signatures of SHG observed in CVD-
synthesized few-layer MoS,® and h-BN."" Kumar et al.
found that the bilayer regions in the central area of
MoS, triangles have a stronger SH intensity as com-
pared with monolayer regions,? indicating that the
MoS, bilayer is not in the 2H-stacking order. Kim et al.
found that h-BN bilayers exhibit a stronger (weaker) SH
intensity in the AB (AA') stacking configuration,'’ and
the SH intensity in the AB stacking regions is ~4 times
stronger than that in monolayer regions, in good
agreement with the interference model described
above.

Here we provide a full description of the model for
SHG in bilayers TMDs with an arbitrary stacking angle.
Let us consider the stacked bilayers as two electrically
decoupled layers, and first neglect the propagating
effects of electromagnetic waves in these atomically
thin layers. If the laser electric field E (w) makes an angle
of 1 (¢,) with respect to the armchair direction of flake
1 (flake 2), the generated SH electric field E.Qw)
[EZ(Zw)] from the flake 1 (flake 2) is then 3¢; (3¢y)
away from the laser polarization (Figure 4a). The total

HSU ET AL.

A= 60° (180%)

Figure 4. (a) A schematic for illustrating the vector super-
position of the SH electric fields, where E () is the electric
field of the fundamental light, E;(2w) [E>(20)] is the SH
electric field from the flake 1 (flake 2), and E (2w) is the
resulting SH electric field from the stacking region. (b—d)
Schematics for stacked bilayers with (b) an arbitrary stack-
ing angle 6, (c) 6 = 0°, and (d) 6 = 60° (or 6 = 180°).

SH electric field E(2w) in the stacking region can
then be obtained by a vector superposition: ES(Z(u) =
EQw) + E ,(2w). The total SH intensity in the stacking
region is proportional to |E {(2w)|?, which can be ex-
pressed as

IS(O) = I1 +I2 +2\//1/2 cos36 (1)

where I, I;, and I, stand for the SH intensity in the
stacking region, the monolayer flake 1, and flake 2,
respectively; and 6 = ¢, — ¢, is the stacking angle,
which is defined as the angle between two nearest
perpendicular bisectors of the two triangular flakes
(Figure 4b). That is, 6 = 0° yields a completely con-
structive interference, whereas 6 = 60° yields a com-
pletely destructive interference of SH fields (Figure 4c,d).
Although the artificial stack with 6 = 60° is analogous
to natural MoS, bilayer with D3, symmetry, it should
be noted that the artificial stack might present lateral
displacements between the two layers, making the
6 = 60° stacking not truly in the Bernal stacking.
However, such a lateral displacement is unable to
resolve by the SHG technique, since the optical wave-
length is much longer than the lateral misalignment of
less than one lattice constant.

We have examined the SH response of the artificially
stacked bilayers with different stacking angles distrib-
uted in the range of 0° < 6 < 60°. Figure 5a shows the
optical microscopy images of a series of MoS, bilayers
with different stacking angles. The corresponding SH
intensity mappings are displayed in the same color
scale in Figure 5b. It is clear that the SH intensity in the
bilayer region changes dramatically with the stacking
angle. According to (1), the stacking angle dependent
SH intensity should vary as cos 36 and from /5(0°) = 4/,
(fully constructive) to I5(60°) = 0 (fully destructive) if I, =
I, =y, i.e., the SH intensities from different flakes are the
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Figure 5. (a) Optical microscopy images for a series of MoS; bilayers with a stacking angle distributed from 6 = 0° to 60°. (b)
The corresponding false color-coded SH intensity mappings of flakes shown in (a). The scale bar is 5 um. (c—e) The measured
angular dependence of «(6) for (c) homogeneous MoS,/MoS, bilayers, (d) heterogeneous WSe,/WS, bilayers, and (e)
heterogeneous WSe,/MoS, bilayers. Curves are calculated «(6): black solid curves, «(6) = cos 36; red, (blue dashed) curves,
calculations considering the propagation effects of electromagnetic waves with (without) including material absorption.
Symbols are data points collected from all the investigated bilayers. (f) The measured SH intensities for MoS,, WS,, and WSe,

monolayers.

same. However, such an angular dependence could be
screened by the presence of SH intensity variation
(~10—15%) among different flakes. Therefore, we
define here a dimensionless parameter «(0) = (Is —
Iy — 1,)/2(1115)"? and then examine its angular depen-
dence. In this way, the intensity variation among
different flakes can be normalized and, in principle,
the angular dependence of k(6) = cos 36 should be
recovered. It should be noted that the value of cos 30
changes sign at 8 = 30°. A positive (negative) «(0) value
indicates a constructive (destructive) interference and,
hence, an enhanced (suppressed) SH intensity in the
stacking region, i.e., Is > Iy + I, (Is < I; + I5). As shown in
Figure 5c, the extracted «(6) for the homo-stacked
MoS,/MoS, bilayers follows closely to cos 36 (black
curve), in agreement with the simple model predic-
tion. However, the measured interference contrast is
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somewhat lower than the simple model prediction;
i.e., the experimental data always lies below the cos 30
dependence. Moreover, the extracted «(6) values also
change sign at 6 < 30°. To account for the reduced
interference contrast, we have further included the
propagating effects of electromagnetic waves through
the TMD layers and the underlying substrate. The
phase shift, absorption, and reflection of both the
fundamental laser field and the SH fields in the TMD
layers and at the adjacent interfaces have been taken
into account (see Supporting Information for detail).
After including the propagating effects of electromag-
netic waves, the calculated SH response (red curve)
reproduces the measured «(6) very well. In this calcula-
tion, we found that the optical absorption of the SH
light by the upper TMD layer plays a key role, leading to
incomplete interferences. This can be verified from a
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calculation without including the material absorption,
where only a minor change in the interference contrast
caused by the multilayer reflections. The absorption
coefficient at the SH wavelength used in this calcula-
tion was obtained by differential reflectance measure-
ments (see Methods). For monolayer MoS,, the absor-
bance is estimated to be ~12.9% at wavelength 1 =
405 nm, corresponding to an absorption coefficient of
a~2.1 x 10%° cm™' (see Supporting Information). This
value is comparable to the reported values in literature
for bulk MoS,.?3

On the basis of the understanding of MoS,/MoS,
homo-stacked bilayers, we have further extended the
study to hetero-stacked bilayers. The stacking angle
dependences of k(6) extracted from selected WSe,/
WS, and WSe,/MoS, hetero-stacked bilayers are
shown in Figure 5, panels d and e, respectively. In both
cases, the model including the propagation effects of
electromagnetic waves also reproduces the experi-
mental data very well. According to the measured
differential reflectance spectra of monolayer WSe,
and WS,, the absorption coefficient at the SH wave-
length is nearly the same as the monolayer MoS, (see
Supporting Information). Therefore, the model predic-
tions for the homo- and hetero-stacked TMD bilayers
are expected to be similar, regardless of the constitu-
ent layered materials. However, we noted that the
measured «(6) for the WSe,/MoS, bilayers is more
scattered (Figure 5e). This might be due to the large
difference between the SH efficiencies of MoS, and
WSe, monolayers. The SH intensity of monolayer MoS,
is about 3 times weaker than that of WSe, and WS,
(Figure 5f), which could lead to incomplete interfer-
ence and more scattered data. Nonetheless, our
results demonstrate that the SHG is capable of probing
the underlying symmetry of stacked van der Waals
heterostructures made of noncentrosymmetric layered
materials.

From the measured «(0) for the homo- and hetero-
stacked TMD bilayers, it is also clear that all the
triangular TMD monolayers are of the same crystal
polarity, i.e., either the transition-metal-polar (Mo, W) or
the chalcogen-polar (S, Se), rather than a mixture of
both polarities. As has been mentioned above, mono-
layer TMD crystals exhibit a three-fold rotational sym-
metry, while the polarization-resolved SH intensity has
a six-fold rotational symmetry, since a phase shift of 7
in the SH field E (2w) cannot be distinguished by the
measurements of the SH intensity |EQw)]. In the
artificially stacked TMD bilayers, the stacking angle
dependent SH intensity becomes electric-field-
resolved due to the interference effect. If the bilayers
are made of two TMD monolayers with opposite
polarity, the resulting stacking angle dependence will
be k() = sin 360. The invariably observed «(6) = cos 36
for all the homo- and hetero-stacked bilayers indicates
that all the investigated triangular monolayers are
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Figure 6. (a) An optical microscopy image for a triangular
MoS, monolayer overlapped with a butterfly-shaped MoS,
monolayer. (b) The corresponding false color-coded SH
intensity obtained by pixel-to-pixel spatial mappings of
flakes in (a). The butterfly-shaped MoS, monolayer consists
of two mirror-twin domains with a twin boundary located at
the intersection of the two wings (indicated by arrow).

single-domain with the same crystal polarity. Accord-
ing to the HR-TEM study, our MoS, triangular flakes are
terminated by Mo-polar zigzag edges, implying that
the investigated WS, and WSe, triangular flakes also
have W-polar zigzag edges.

Since the SHG is crystal-orientation-dependent, the
SH microscopy in principle is capable of probing the
crystallographic axes and grain boundaries of TMD
films, especially for tilted grains in polycrystalline
aggregates or continuous sheets formed during CVD
growths. Notably, however, the intensity-resolved SH
microscopy is unable to distinguish the crystal orienta-
tions of mirror twins formed by two domains with a
relative in-plane rotation of 180°. By laying down a
monolayer TMD with known crystal polarity on top of
mirror twins, the crystal orientation becomes visua-
lized due to the electric-field resolved interference
effect. A proof-of-concept demonstration for the char-
acterization of mirror twins is shown in Figure 6. Let us
focus on the butterfly-shaped and the triangular MoS,
monolayers highlighted by the dotted lines. In the
stacking region, the SH intensity shows a strong con-
trast between the two wings of the butterfly-shaped
monolayer, indicating that it consists of two mirror-
twin domains, from which the SH fields interfere con-
structively and destructively with that from the trian-
gular MoS, monolayer. The mirror twin boundary in the
monolayer region is also visualized for the first time by
the SH microscopy, as indicated by the arrow near the
intersection between the two wings (Figure 6b). Since
the SH dipole moments generated in the mirror twins
are completely out of phase, the SH response should
vanishes at the mirror twin boundary, resulting in a
strongly suppressed SH intensity.

CONCLUSIONS

We have investigated the SHG from artificially
stacked TMD bilayers with arbitrary stacking angles.
The SHG from the twisted bilayers is a coherent super-
position of the SH fields from the individual layers, with
a phase difference depending on the stacking angle.
Such an interference effect is insensitive to the con-
stituent layered materials and thus applicable to hetero-
stacked bilayers. The intensity and the polarization
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of SHG as a function of the stacking angle have been
established. A proof-of-concept demonstration of
using the SHG to probe the domain boundary and
crystal polarity of mirror twins formed in chemically
grown TMDs is also presented. We have demonstrated

METHODS

Growth of Monolayer TMDs. High-crystal-quality monolayers
MoS,, WSe,, and WS, were synthesized on sapphire substrates
by chemical vapor deposition (CVD) in a horizontal hot-wall
chamber. The detailed fabrication procedures can be found
elsewhere.?'**% High purity MoO3 (99%, Aldrich), WO (99%,
Alfa), Se and S powders (99.5%, Alfa) were used as initial
reactants. The MoS, and WS, samples were obtained by
annealing at 650 and 800 °C for 5 min with a heating rate of
15 °C/min and Ar flow at ambient pressure. For the synthesis of
WSe,, the center heating zone with the WO3; powders was
heated to 925 °C, while the Se powders placed at the upper
stream side were maintained at 270 °C. The WSe, samples were
obtained by placing the substrate at the downstream side using
an Ar/H, flowing gas at 1 Torr for 15 min.

Transfer of Monolayer TMD To Form Bilayers. The artificially
stacked TMD bilayers were fabricated by transferring monolayer
TMD flakes onto another as-grown monolayer TMD formed
on a sapphire substrate. For MoS, transfer, a layer of poly-
(methylmethacrylate) (PMMA) (950K A4) was first coated on the
monolayer MoS; flakes as a transfer supporting layer by spin-
coating (step 1, 500 rpm for 10 s; step 2:, 3000 rpm for 60 s),
followed by baking at 100 °C for 60 min. Then the PMMA-
capped MoS, was exfoliated from the sapphire substrate in a
2 M NaOH solution at 100 °C for 60 min. After dilution of etchant
and residues in deionized water, the PMMA-capped monolayer
MoS, was transferred onto another as-grown MoS, sample,
followed by the removal of PMMA film using acetone.?® Finally,
the sample was cleaned by isopropyl alcohol and deionized
water. According to the atomic force microscopy (AFM) analyses
(Supporting Information), the thickness of MoS, monolayer
(bilayer) is 0.65 nm (1.3 nm). However, we noted that the PMMA
cannot be completely removed by using acetone only. To avoid
PMMA contamination in the interlayer region, the PMMA layer
was always kept on top of the MoS, layers during the transfer
process. In this way, the PMMA residues will be mostly residing
on the TMD surface. After 300 °C annealing in Ar/H, gas flow for
4 h, these PMMA residues can be completely removed. We have
also compared SHG from the stacked bilayers with and without
thermal annealing. The measured SHG behavior is basically the
same. This indicated that the surface PMMA residues have
negligible effect on the interlayer coupling of SHG. All the data
presented in this work are obtained from samples without
thermal annealing.

Optical Measurements. The SHG measurements were per-
formed in a homemade microscopy system. The fundamental
laser field was provided by a mode-locked Ti:sapphire laser at a
wavelength of 810 nm with a pulse width of ~150 fs and a
repetition rate of 80 MHz. The laser pulse was focused to a spot
size of ~1.1 um on the sample by a 100x objective lens. The
generated SH light was sent to a 0.75 m monochromator and
detected by a nitrogen-cooled CCD camera. For spatial map-
ping of SH intensity, the sample was mounted on a fast
motorized x—y stage with a step of 0.25 um. For polarization-
resolved SHG, the sample was rotated by a motorized rotational
stage with a step of 5°. The linear polarizations of the funda-
mental and the SH light were selected and analyzed by indivi-
dual polarizers and half-wave plates. According to the
measured SH intensity, we estimated that the magnitude of
the second-order susceptibility x'? (bulk value) of our CVD-
grown MoS, monolayer is about ¥ = 1.5 x 107" m/\V.
Although the absolute %" value depends sensitively on the
experimental conditions (such as the laser wavelength, spot
size, pulse width/shape and the collected solid angle), the
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here that the SHG is an efficient, sensitive, and non-
destructive characterization for the stacking orienta-
tion, crystal polarity, and domain boundary of van der
Waals heterostructures made of noncentrosymmetric
layered materials.

deduced y? value is very close to the reported value for
MoS, monolayers prepared by exfoliation from natural
crystals.>'® For differential reflectance measurements, the ap-
paratus are the same as the SHG measurements, except that the
light source was replaced by a fiber-coupled tungsten-halogen
lamp.
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