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We show that the lack of inversion symmetry in monolayer MoS, allows strong optical second harmonic
generation. The second harmonic of an 810-nm pulse is generated in a mechanically exfoliated monolayer, with a
nonlinear susceptibility on the order of 10~7 m/V. The susceptibility reduces by a factor of seven in trilayers, and
by about two orders of magnitude in even layers. A proof-of-principle second harmonic microscopy measurement
is performed on samples grown by chemical vapor deposition, which illustrates potential applications of this
effect in the fast and noninvasive detection of crystalline orientation, thickness uniformity, layer stacking, and
single-crystal domain size of atomically thin films of MoS, and similar materials.
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Recently, there is a growing interest in exploring new types
of atomically thin crystals based on layered materials, such
as transition metal dichalcogenides." The most extensively
studied member of this family is MoS,. In 2010, photolumines-
cence experiments>* and microscopic calculations®* indicated
that, although bulk MoS; is an indirect semiconductor, its
monolayer is a direct semiconductor with a band gap of about
1.88 eV. Such a large band gap and the structural similarity
with widely studied graphene immediately stimulated investi-
gations on its potential applications in logic electronics.>® In
2011, top-gated transistors based on MoS, monolayers were
fabricated.” Later, integrated circuits based on monolayers®
and bilayers® for logic operations were demonstrated. Am-
bipolar transport in a multilayer transistor gated by ionic
liquids was also demonstrated, showing the feasibility to de-
velop p-n-junction-based devices.'” Furthermore, the recently
demonstrated superior strength and flexibility!' make MoS,
atomic layers an attractive candidate for applications in flexible
electronics.'%!3 In addition, since monolayer MoS, has a band
gap in the visible range, has work functions that are compatible
with commonly used electrode materials, and has a stable
charge exciton state even at room temperature,'* it is also an
attractive candidate for various optoelectronic and photonic
applications, such as phototransistors'>!¢ and heterojunction
solar cells.!”

In contrast to these breakthroughs in understanding the
mechanical, electronic, and linear optical properties of MoS,
atomic layers, little is known about their nonlinear optical
properties. Nonlinear optical responses are important aspects
of light-matter interaction, and can play important roles in
various photonic and optoelectronic applications, especially
in those involving high intensity laser beams. Bulk MoS;
crystal with 2H stacking order belongs to space group Dgy,
which is inversion symmetric. Hence, its second-order nonlin-
ear response should vanish.!® Indeed, one early experiment
showed that second-order nonlinear susceptibility of 2H
bulk MoS, is at most 10~ m/V.19 However, the inversion
symmetry is broken in a monolayer, which has D3, symmetry.
One consequence of such a symmetry reduction is to allow
valley-selective optical interband transitions, which has been
observed by several groups recently'+?%- and can be used for
valleytronics, in which the valley index of electrons is used
to carry information. Here we show that the lack of inversion
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symmetry allows unusually strong optical second harmonic
generation (SHG) in monolayer MoS, flakes prepared by
mechanical exfoliation and chemical vapor deposition (CVD).
This effect is very sensitive to layer thickness, crystalline
orientation, and layer stacking. Based on these properties, we
demonstrate a second harmonic microscopy for characteriza-
tion of MoS, thin films.

Figure 1(a) shows the experimental setup. The fundamental
pulse with an angular frequency w and a central wavelength of
810 nm is obtained from a Ti:sapphire laser. It is tightly focused
to a spot of 2 um (full width at half maximum) by a microscope
objective lens. The second harmonic (SH) generated is
collected by the same lens, and detected by a spectrometer
equipped with a thermoelectric cooled silicon charge-coupled
device camera. A set of color filters is used to block the
fundamental and other unwanted light. With an 810-nm
wavelength, band-to-band absorption of the fundamental is
avoided, and both fundamental and SH can be detected
efficiently with silicon detectors, which facilitates alignment
and location of the laser spot. Figure 1(b) is a microscope
photograph of a MoS, flake that is mechanically exfoliated
onto a Si/SiO; (90 nm) substrate. The region marked with a
red label 1L is identified as a monolayer according to its optical
contrast,>>’ Raman spectrum,’®? and photoluminesence
spectrum.”? Other regions with few atomic layers, as indicated
by the red labels, are assigned according to their relative optical
contrasts.

The structure of monolayer MoS; is schematically shown in
Fig. 1(c), where each yellow circle represents two S atoms ver-
tically separated by 0.65 nm, and blue circles indicate the plane
of Mo atoms located between the two S atomic planes. With
the Ds;, symmetry, the second-order nonlinear susceptibility

2 2 2
tensor has nonzero elements of X;,) y=- X;, ;,X, = — X;, ))” =

- Xfy)x = x@,'% where x'y’z’ are crystalline coordinates.
Here, x’ is along the armchair direction, which is 30° from the
zigzag direction, along which the mirror symmetry is broken.
In the experiment, the fundamental beam is normal incident
(along —z') and is linearly polarized along the horizontal
direction [defined as x in the laboratory coordinates, as shown
in Fig. 1(b)]. It is straightforward to show that the parallel
(x) and perpendicular (y) components of the SH field are
proportional to sin36 and cos 36, respectively, where 6 is
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FIG. 1. (Color online) (a) Schematics of the experimental setup.
(b) Microscope image of a mechanically exfoliated MoS, flake. (c)
Lattice structure of monolayer MoS,.

the angle between x and x’. Hence, the power of the two
components varies as Py o sin®30 and Py, o cos® 36, while
the total power is independent of 6.

In our experiment, we first measure the total SH power with
a fundamental power of 4 mW. The upper inset of Fig. 2(a)
shows the spectra of the SH (blue) and the fundamental (red),
confirming that the former is indeed at half wavelength of
the latter. The gray curve is a spectrum from the bare substrate
(multiplied by a factor of 100) taken under the same conditions
but with the laser spot moved away from the flake. Hence, the
contrast of the monolayer with respect to the substrate is at
least 10%, which is much higher than linear optical microscopy
(about 0.3). The main panel of Fig. 2(a) shows how the SH
power varies with the fundamental power. The peak irradiance
of the fundamental and SH pulses, deduced from the powers,
are also plotted for convenience, as top and right axes. The
solid line is the expected quadratic dependence for the SHG
process. Next, by placing a linear polarizer in front of the
spectrometer, we measure P, and P, as a function of 6, the
angle between x and x’, by rotating the sample about the z
axis. Figure 2(b) shows the results, along with the expected 6
dependence (solid lines) from the D3y symmetry.

In order to estimate the magnitude of x® from the
measurement, we model the monolayer as a bulk medium.
Since the flake thickness (d = 0.65 nm) is much smaller
than the coherence length, the SHG is not influenced by
phase-matching conditions. By solving the coupled-wave
equations,'® the SH field amplitude of the parallel component,

_ 1 2w @) 502

= 42n2wcx d&; sin30, (1)
where c¢ is the speed of light in a vacuum and n,, = 6.0
(Ref. 27) is the index of refraction at SH, and &, is the
fundamental field amplitude. Each field amplitude is related
to the corresponding irradiance by I = negcEE* /2, which can
be calculated from the measured quantity, average power, by
considering that I is Gaussian in both time and space, with
widths (full width at half maxima) of ¢ and W, respectively.
By using the fundamental pulse characteristics of W = 2 pm,
T =200 fs, f = 81 MHz, and a reflection coefficient of 0.09
from this multilayer structure, we find that the magnitude of
x@ is about 10”7 m/V. We note that due to the nonlinear
nature of this process, such a deduction relies on accurate
knowledge of many experimental parameters, such as the
shape and duration of the fundamental pulse, the shape and
size of the focused fundamental spot at the sample, and the
relation between the measured spectral counts and the actual
SH power. Hence, this value should be viewed as an order-
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FIG. 2. (Color online) Second harmonic generation from the
mechanically exfoliated MoS, sample: The upper inset of (a) shows
the spectra of the second harmonic from the monolayer MoS, (blue)
and from the bare substrate (gray, multiplied by a factor of 100),
as well as the fundamental beams (red). The lower inset shows the
second harmonic power measured from regions with different atomic
layers. The main panel of (a) shows the power dependence of second
harmonic generation, with the solid line indicating the expected
quadratic dependence. (b) The power of parallel (blue squares) and
perpendicular (black circles) components of the second harmonic as
a function of 0, the angle between the laboratory and the crystalline
coordinates. The blue (black) solid line indicates the expected sin’36
(cos?36) dependence.

of-magnitude estimate. However, the relative comparisons of
x® throughout this Rapid Communication are not influenced
by such uncertainties, and are thus accurate.

Since monolayer MoS, possesses such a large x®, which
vanishes in the bulk, it is interesting to study how x® varies
with the number of atomic layers. We measure the total
power of the SH from different regions of the flake shown
in Fig. 1(b), with a fixed fundamental power of 4 mW. The
results are summarized in the lower inset of Fig. 2(a). Since
the total power is independent of 6, the measurement is not
influenced by potentially different crystal orientations of these
regions. We find that x® of the trilayer is about a factor of
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FIG. 3. (Color online) Second harmonic generation from a
triangular monolayer MoS, flake grown by CVD, as shown in the
lower inset of (a). The main panel of (a) shows the power dependence
of second harmonic generation. The solid line indicates the expected
quadratic dependence. (b) shows angular dependence of the parallel
(blue squares) and perpendicular (black circles) components of the
second harmonic, along with the expected dependence (solid lines).
The upper inset of (a) shows a separate measurement of the parallel
component with a finer step size near 0 = 0°.

seven smaller than the monolayer, while those of the bilayer
and quadralayer are about two orders of magnitude smaller
than the monolayer. Since flakes with an even number of
atomic layers possess inversion symmetry, their second-order
response should vanish. The smaller but nonzero x® can
be attributed to surface and interface effects. According to
this measurement, the contrast of monolayer with respect to
bilayer and quadralayer is about 10*. A similar layer-number
dependence has also been observed recently in WS, and
WSe,.3Y We also measure a thick flake that can be considered
as a bulk. The SH power is about five orders of magnitude
smaller than the monolayer, indicating a very small x®, as a
result of the inversion symmetry.

The observed SHG can be used for a fast and in situ
characterization of atomically thin films of MoS, and similar
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materials. Although high quality monolayer MoS, can be
produced by simple mechanical exfoliation®' and identified
by optical contrast with certain substrates’>?® and Raman
spectroscopy,’®?° applications of this material rely on the
development of scalable techniques. Following the initial
works of mechanical exfoliation, other top-down methods
with a better potential for large-scale production have been
developed, such as lithium ion exfoliation®>~*¢ and ultrasonic
exfoliation in liquids.>’*} Promising progress has also been
made in developing bottom-up methods, including hydrother-
mal synthesis***> and CVD on insulating substrates***° and
graphene.”® However, one significant obstacle is the lack of
techniques for fast and in sifu sample characterization. For
example, thin films of MoS, fabricated by these techniques
are polycrystalline. They are composed of single-crystalline
domains with random crystal orientations and are separated by
grain boundaries, which severely limit the performance of the
films, especially their conductivity and mechanical strength.
However, it is difficult to locate the grain boundaries and
monitor the size of these domains in situ.

The lower inset of Fig. 3(a) shows a microscope photograph
of some triangular monolayer MoS, flakes on a Si/SiO;
(280 nm) substrate fabricated by CVD. The samples were
prepared using MoOj; and sublimated sulfur as precursors.
MoO3 is positioned close to the designated growth substrate at
the center of the furnace, while sublimated sulfur is positioned
upstream at a zone where evaporation starts at 750 °C. The
reaction of the precursors at 850 °C in a furnace flushed
with nitrogen results in the nucleation of single-crystalline
domains. The density of nucleation and sample sizes can be
controlled by monitoring the pressure and the closely related
sulfur concentration in the chamber. By maintaining a positive
pressure in the range of 5-20 kPa, MoS, domains with sizes in
the range of 1040 pm are synthesized, with a ramping time
of 60-90 min and 10 min at the reaction temperature.'

The main panel of Fig. 3(a) shows the quadratic power
dependence of SHG, similar to Fig. 2(a), measured from the
well-separated flake on which the crystalline and laboratory
coordinates (x" and x, respectively) are plotted [the lower
inset of Fig. 3(a)]. By rotating the sample, we measure P,
and P, as a function of €, as shown in Fig. 3(b). The results
are similar to the exfoliated sample shown in Fig. 2(b). A
separate measurement of the parallel component with a finer
resolution near § = 0°, shown in the upper inset of Fig. 3(a),
confirms that the minimal parallel component occurs precisely
at 6 = 0°. The edges of these triangular flakes are expected
to be along zigzag directions since these are lowest energy
configurations.’?>? The maximum parallel component of the
SH should occur when the fundamental is polarized along
the zigzag direction, which is consistent with our observation.
Hence, the SHG further confirms that the direction of the
edges is zigzag. We repeat the measurement with several other
similar triangular flakes, and obtain the same result. Such an
established relation also allows us to determine the crystal
orientation of the mechanically exfoliated sample shown in
Fig. 1(b): That is, the armchair direction of the 1L region is
horizontal, and its lattice orientation is as shown in Fig. 1(c).
From the strength of the SH, we deduce x® ~ 5 x 10~ m/V,
which is about a factor of 20 smaller than the mechanically
exfoliated flake.
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FIG. 4. (Color online) (a) Optical microscopy photograph of a region of a substrate containing flakes grown by CVD. (b) and (c) Maps of
P, and P, over the region indicated by the box in (a). (d) Map of the total power, P, + P,. (¢) Map of 6 calculated from (b) and (c).

Figure 4 summarizes our proof-of-principle demonstration
of polarization-revolved SH microscopy. We study a region on
the substrate with quasicontinuous films, as shown in Fig. 4(a).
It contains high density but still separated and randomly
oriented triangular flakes, so that we can correlate domains
observed in SHG to the actual regions. In this measurement,
we scan a 20-mW fundamental spot across the region indicated
by the box in Fig. 4(a), and detect the powers of the parallel and
perpendicular components of the SH, as shown in Figs. 4(b)
and 4(c), respectively. The errors in these scans are below
2 pW, or smaller than 1% of the maximum signal. Figure 4(d)
shows the total power, obtained by adding Figs. 4(b) and
4(c). From Figs. 4(b) and 4(c), we calculate the angle by
using 0 = (1/3)tan~! \/P, /Py, as shown in Fig. 4(e). The
uncertainty on the angle is below 1°.

The combination of linear and nonlinear optical microscopy
can provide valuable information about the polycrystalline thin
films grown by CVD. First, the greenish dots in Fig. 4(a)
indicate that at the central area of some flakes, a second
(or even third) layer is grown. Second harmonic images
show that these areas have a higher SH power. In bilayer
MoS, exfoliated from 2H-stacked crystals, the two layers
are inversely oriented so that the bilayer possesses inversion
symmetry. Hence, it second-order response should vanish, as
confirmed in Fig. 2(a). The higher SH power observed from
multilayer regions of CVD-grown flakes indicates that these
multilayers are not 2H stacked. This is similar to multilayer

graphene grown by CVD. Clearly, the SH microscopy is
capable of probing relative orientations among multilayers
of MoS;. Second, Fig. 4(e) shows that 6 is uniform over
the left flake, which is about 15°. This is consistent with
the shape observed in Fig. 4(a) (white dashed line). With
further growth time, this flake will merge with other flakes
to form a continuous polycrystalline film. Linear optical
microscopy would not allow identification of each single-
crystalline domain. However, the & map can still distinguish
these domains, locate their boundaries, and measure their sizes.
Third, the shapes of these flakes are irregular in the SH maps.
Especially, the parallel and perpendicular components have
different edge shapes. This can be attributed to the roughness
on the edges and different termination configurations on
the edges. Although further characterizations are needed to
correlate the microscopic structure on the edges to the SH
power, this observation illustrates the potential of using SHG
to study these edge structures. Finally, although the three flakes
look similar in Fig. 4(a), the SH powers are different, and the
6 of the middle and right flakes are irregular. This illustrates
that the SH microscopy can show different properties and
qualities of the flakes that the linear optical microscopy cannot.
Howeyver, further studies are needed to correlate SHG to these
specific sample characteristics.

In summary, we have observed strong second harmonic
generation in monolayer MoS, fabricated by mechanical
exfoliation and CVD, and performed a proof-of-principle
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second harmonic microscopy measurement. Our results show
that such a nonlinear optical effect can be used for a fast
and noninvasive characterization of atomically thin films
of MoS, and other similar materials. Compared to linear
optical microscopy, the contrast is enhanced by at least
four orders of magnitude. Unlike linear optical microscopy
that relies on light interference from carefully designed
multilayer substrates, such a nonlinear optical microscopy
can be applied to any substrates with weak second-order
nonlinearity, such as silicon and glass. Although Raman
microscopy has also been used to identify monolayer MoS,,
the Raman shift often depends on substrates, and the contrast
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is relatively low. In addition to these advantages in identifying
monolayers, the second harmonic microscopy can probe
crystal orientation, single-crystal domain size, and layer
stacking.
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