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ABSTRACT: We observe optical third-harmonic generation
in atomically thin films of MoS, and deduce effective third-
order nonlinear susceptibilities on the order of 107" m?/V?,
which is comparable to that of commonly used semi-
conductors under resonant conditions. By measuring the
susceptibility as a function of light wavelength, we find
significant enhancements of the susceptibility by excitonic
resonances. The demonstrated third-harmonic generation can
be used for nonlinear optical identification of MoS, atomic
layers with high contrast, better distinguishing power of
multilayers, and less restrictions to substrate selections. The
size of the third-order nonlinear susceptibility suggests
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teasibility of exploring other types of third-order nonlinear optical effects of MoS, two-dimensional crystals.
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B INTRODUCTION

Despite the remarkable progress in recent years in graphene
research,’ future applications of graphene in logic electronics
are challenging due to the lack of a band gap. Although several
approaches have been developed to open a sizable band gap,
the mobility and the operational conditions are often
compromised.””” Recently, significant efforts have been
directed to exploring other two-dimensional (2D) materials,
such as MoS,. In 2011, top-gated transistors based on ultrathin
films of MoS, were demonstrated.® Later, integrated circuits
based on monolayers’ and bilayers'® of MoS, for logic
operations were developed. Ambipolar transport in a multilayer
MoS, double-layer transistor was demonstrated,'" showing the
feasibility to develop p—n junction-based devices. Recent
studies also revealed superior mechanical properties of MoS,
2D crystals, which are important for applications in 2D flexible
electronics.">™*

Interests in exploring optoelectronic and photonics applica-
tions of MoS, 2D crystals are largely stimulated by the
observation of an indirect-to-direct transition from bulk to
monolayer in two photoluminescence experiments.'>'® Bulk
MoS, is an indirect semiconductor with a band gap of about
1.29 eV in the I valley and two dominant excitonic resonances
in the K valley, called “A” and “B” excitons, with energies of
1.88 and 2.04 eV, respectively.17 Since the “A” and “B” excitonic
states are mainly from the localized d orbits on Mo atoms, they
are less sensitive to the interlayer couplings, and hence are
almost thickness-independent. However, the energy states in
the I valley involve the antibounding p, orbltals in the S atoms
that are sensitive to interlayer couplings."®'® As a result, when
decreasing the thickness, the band gap in the I" valley increases
from the bulk value to about 1.9 eV in the monolayer, making
monolayer MoS, a direct semiconductor. Such a direct band
gap in the visible range, combined with the superior mechanical
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and transport properties as well as workfunctions that are
compatible with commonly used electrode materials, makes
MoS, 2D crystals attractive candidates for various optoelec-
tronic and photonic applications, as have been demonstrated in
phototransistors'**® and heterojunction solar cells.**

In addition to these potential applications, MoS, 2D crystals
also provide a unique platform to study 2D excitons and many-
body systems. It has unusually large exciton®” and trion****
binding energies. The strong spin—orbit coupling and the lack
of inversion symmetry in monolayer MoS, allow valley selective
optical coughng, which can be used to explore valley and spin
physics.” Furthermore, a recent theory predicted a variety
of interesting magnetoelectric effects in bilayer MoS, owing to
the strong coupling of spin, layer pseudospin, and valley
degrees of freedom for holes in the K valley in this unique
system.30

The interaction between light and electrons in MoS, 2D
crystals includes not only linear but also higher-order nonlinear
terms. The nonlinear processes can play important roles in
applications involving intensive light. However, studies of
nonlinear optical properties of MoS, 2D crystals, and even bulk
crystals, are rare. Very recently, four groups (including us)
independently observed second-harmonic generation, one
important type of second-order nonlinear optical process, in
ultrathin films of MoS,*'~>* WS,,** and BN.** This process
does not exist in bulk or even layers that are inversion-
symmetric, but is stron% in monolayer or few odd layers due to
the symmetry broken.> ~>* So far, third-order nonlinearities of
MoS, have not been studied. In contrast, several types of third-
order nonlinear optical effects in graphene have been recently
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studied, including saturable absorption,35 four-wave mixjng,36
two-photon absorption,”” coherent self phase modulation,*®
third-harmonic generation,”’40 and optical Kerr effect.”

Here, we report the first study of a third-order nonlinear
optical effect in ultrathin films of MoS,. We observe third-
harmonic generation (THG) and deduce effective third-order
nonlinear optical susceptibilities on the order of 107 m?/V?.
This effect can be used for nonlinear optical identification of
MoS, atomic layers with higher contrast and higher distinguish-
ing power of multilayer flakes, compared to linear optical
microscopy. Furthermore, this technique is less restrictive on
the selection of substrates. Our results suggest the feasibility of
exploring other types of third-order nonlinear optical effects of
this material for various photonic and optoelectronic
applications.

B EXPERIMENTAL SECTION

Atomically thin films of MoS, are fabricated by mechanical
exfoliation*” with an adhesive tape from natural crystals (SPI
Supplies). By depositing flakes of MoS, on a silicon substrate with a
90 nm SiO, layer, we can identify large, isolated, and thin layers of
MoS, with an optical microscope, by utilizing optical contrasts
enhanced by the multilayer substrate.**** We studied several flakes
and observed similar results. Figure la shows an optical microscope

4.7 nm

Lock-in

(d)

Photodiode

Spectrometer

3w Filters

Sample

Figure 1. Sample characterization and experimental setup. (a) Optical
microscopy image of a MoS, flake under white light illumination. (b)
Atomic force microscopy image of the area indicated as the dashed box
in (a). (c) A cross section of (b), as indicated by the dashed line in (b),
indicates a flake thickness of 4.7 nm. This corresponds to seven atomic
layers. (d) Experimental setup: a tightly focused fundamental beam
(w, red) is incident to the sample from the normal direction. The
generated third harmonic (3w, green) is detected by a spectrometer
and a photodiode attached to a lock-in amplifier.

image of a relatively large and uniform flake that is taken in reflection
geometry under white light illumination. To determine the number of
atomic layers, we perform atomic force microscopy measurement of a
region of the flake, as marked as the dashed box in Figure la. The
result is shown in Figure 1b. According to a cross section shown in
Figure Ic, the thickness of the flake is 4.7 nm. Since a monolayer of
MoS, (one Mo layer sandwiched by two S layers) is about 0.65 nm, we
conclude that this flake contains seven atomic layers.

Figure 1d shows the experimental setup to study THG. We focus a
near-infrared laser pulse (@) with a central wavelength of 1758 nm and
a temporal width of about 320 fs to the sample surface by using a
microscope objective lens. The pulse is obtained from an optical
parametric oscillator pumped by a Ti:sapphire laser with a repetition
rate of 81 MHz. The reflected third harmonic (TH, 3®) from the
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sample is collected by the same lens. A set of color filters is used to
block the @ beam. A spectrometer, equipped with a thermoelectric
cooled silicon charge-coupled device (CCD) camera, is used to record
the TH spectra. To convert the measured CCD counts to the power of
the TH radiation from the sample, we send a laser pulse with a known
power and a central wavelength of 560 nm to the sample and measure
the spectrum of its reflection under the same conditions. Hence, in this
calibration procedure, we have included the effect of substrate
reflection, the loss of all involved optics, and the sensitivity of the
spectrometer.

B RESULTS AND DISCUSSION

The inset of Figure 2 shows a spectrum of TH (green)
generated by a linearly polarized @ pulse with an average power
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Figure 2. Average power of the third-harmonic (TH) beam (left axis)
as a function of the average power of the fundamental beam (bottom
axis) measured from the seven-layer MoS, flake. The on-axis peak
irradiance of each beam is also given as the top and right axes, for
convenience. Except for the first point, the error bars are smaller than
the symbols. The solid line indicates a cubic dependence. The inset
shows spectra of the fundamental (red, in arbitrary units), the TH
from the flake (green, in CCD counts per second), and the TH from
the substrate (gray, multiplied by a factor of 30 for clarity).

of 30 mW from the seven-layer MoS, flake shown in Figure la.
The spectrum of the @ pulse is also plotted. The central
wavelength of TH is 586 nm, which is exactly one-third of 1758
nm, the central wavelength of the @ pulse. By using a polarizer
in front of the spectrometer as a polarization analyzer, we find
that the TH is linearly polarized along the same direction as the
® pulse. When the laser spot is moved from the flake to bare
substrate, a signal that is about 60 times weaker is detected, as
shown as the gray line. This confirms that the TH is indeed
generated from the MoS, flake.

To compare the magnitude of the third-order nonlinear
optical response of MoS, 2D crystals with other materials, we
deduce an effective third-order nonlinear susceptibility, ¥, by
treating the samfle as a bulk medium, and solving the coupled-
wave equations.” Since the flake thickness is much smaller than
both the absorption depth and the coherence length, we can
ignore the depletion of the @ beam and the phase walkoff in the
THG process. These conditions greatly simplify the calculation.
The TH field amplitude is related to the @ field amplitude by
1 3w )((3)8w3d
(1)
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where ¢ is the speed of light in a vacuum, d is the flake
thickness, and n;,, is the index of refraction at 3w. Each field
amplitude is related to its irradiance by I, = n,e,cE6E7/2, where
i stands for @ or 3w. To relate the on-axis peak irradiance of w,
Iy, to the measured average power, P,, we consider that the
irradiance is Gaussian in both time and space, with widths (full
width at half-maxima) of 7 and W, respectively. Hence,

7= )
i 8(ln2) fwto (2)
where f is the repetition rate of the laser.

To use these equations to extract the magnitude of 7%, we
use values appropriate to our experiment (i.e, d = 4.7 nm, W =
3.5 um, 7 = 320 fs, A = 1758 nm, and f = 81 MHz) and
previously reported value of the index of refraction of ny, =
5.3.** For the index of refraction of w, we use a value of 4.11,
which is obtained from Cauchy’s equation with two known
values in the transparent range: 4.3 at 1064 nm* and 4.22 at
1240 nm.*” We extract a value of )((3) on the order of 107*° m?/
V2 We note that the THG process is described by the real part
of the complex nonlinear susceptibility only, and therefore, this
value is for the real part. However, in resonant processes, the
real and imaginary parts of ® are usually similar, such as in
graphene.

On the basis of eq 1, the average power of 3w varies as the
cube of the w power. To confirm such a dependence, we
measure the TH spectra with various average powers of the @
beam. The results are summarized in the main panel of Figure
2. The solid line indicates the expected cubic dependence,
which is consistent with the experimental result. In this range of
the fundamental power, no sign of saturation is observed.

It is well-known that nonlinear optical responses can be
enhanced if the medium has energy levels that are resonant
with involved optical frequencies. The THG process can be
enhanced if there are electronic states that are resonant with w,
20, and/or 3w.* To study the influence of the band structure
of MoS, 2D crystals on its third-order nonlinearity, we repeat
these measurements by tuning the central wavelength of the @
pulse, while keeping its average power a constant. The deduced
magnitude of ¥ as a function of @ wavelength is shown in
Figure 3. In this wavelength range, both @ and 2w are below
any interband transitions in MoS,; hence, resonance enhance-
ment can only originate from 3w. Figure 3 shows two peaks
with 3w wavelengths of 650 and 595 nm, respectively. These
wavelengths are about 20 nm shorter than the A (670 nm) and
B (620 nm) exciton transitions of samples with similar
thicknesses that were previously measured by absorption™®
and photoluminescence spectroscopy.'*'® Since the wavelength
difference between these two peaks (45 nm) and the width of
each peak (about 20 nm) are consistent very well with the two
excitonic transitions, we attribute these two peaks to the
excitonic enhancement of the third-order nonlinear optical
process. However, the origin of the 20 nm blue shift of these
peaks with respect to the exciton resonances is unclear. It is not
induced by sample heating, since the exciton transitions would
shift to longer wavelength at higher temperatures.

Figure 3 also shows that, when the @ wavelength is longer
than 1980 nm, no TH can be observed under the same
conditions. On the basis of the signal-to-noise ratio of our
detection system, the )((3) is at most 10722 m?/V2. We note that,
in this wavelength range, the 3w is below the excitonic
resonances, but still resonant with the indirect band-to-band
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Figure 3. Measured third-order nonlinear susceptibility as a function
of fundamental wavelength (bottom axis) and third-harmonic (TH)
wavelength (top axis). The A and B excitonic absorption peak
wavelengths for a sample with a comparable thickness are marked as
vertical arrows.

transitions in MoS,. Hence, the excitonic enhancement is at
least 3 orders of magnitude higher than that due to the indirect
band-to-band transitions.

The deduced ¥ of ultrathin films of MoS$, is comparable to
that of other semiconductors that are widely used in photonics
and optoelectronics, such as Si, Ge, and GaAs, under resonant
conditions.* Hence, our results illustrate potential applications
of MoS, 2D crystals in third-order nonlinear optics, and may
stimulate further investigations on other types of third-order
nonlinear optical effects. On the other hand, the measured y*
in MoS, is about 3 orders of magnitude smaller than that in
graphene.” This can be attributed to the fact that, in graphene,
the resonant enhancement occurs at @, 2w, and 3w, whereas, in
MoS,, only the 3w photons are resonant.

The observed THG can be used as an effective way to
identify and determine the thickness of multilayer MoS,.
Previously, optical identifications of MoS, atomic layers relied
on contrast enhancement of multilayer reflections, which is
mainly achieved by using Si/SiO, substrates with a certain
thickness of the oxide layer. This imposes constrains on
substrate selections. Furthermore, even with optimal substrates,
identification of multilayers with more than 10 atomic layers is
rather challenging since the contrast difference is very small.
The recently observed second-harmonic generation can be used
to image monolayers.>' ~>* However, it is less effective to study
multilayers since the effect is absent in even layers, and
decreases with layer number in odd layers.*’>* The THG
provides an alternative way for optical identification of MoS,
atomic layers. By comparing the spectra from the seven-layer
flake and from the substrate (inset of Figure 2), we obtain an
intensity contrast of about I,/ Lubstrate & 60. This contrast is
actually limited by the THG from the silicon substrate. When
transparent substrates with much weaker THG are used, the
contrast would be further increased. Since the TH intensity
depends quadratically on the flake thickness or number of
layers for thin films in which absorption of @ and TH is
negligible (see eq 1), the TH intensity from the monolayer
would be a factor of 49 times smaller than that from the seven-
layer flake. Hence, the contrast for monolayer would be 60/49
~ 1.2. This is a few times higher than the optimal contrast of
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the monolayer in linear optical microscopy.* In addition to the
enhanced contrast, the THG can more easily distinguish
multilayer flakes owing to the quadratic thickness dependence
of the TH intensity. Furthermore, it can be used with any
substrates with weak THG, in particular, transparent substrates
that are preferred for optical measurements.

To illustrate the feasibility of using THG to identify MoS,
atomic layers, we acquire a TH image of another flake with
regions of different thicknesses by scanning the @ spot across
the sample. Figure 4a shows an optical microscopy image of the

Relative Power

Figure 4. Optical microscopy image (a) and third-harmonic image (b)
of a multilayer flake. The length of each side of the images is 25 ym.

flake. The size of the imaged region is 25 by 25 um® According
to the contrast in this linear optical image, we can roughly
estimate that the flake contains 10—15 atomic layers, with the
left side thicker than the right side. The TH image is shown in
Figure 4b. The shape of the flake indicated by the THG image
is consistent with that shown in the microscopy image. Clearly,
several regions with different thicknesses can be easily identified
in the TH image, owing to the enhanced contrast.

Bl CONCLUSIONS

In summary, we observed third-harmonic generation in
atomically thin layers of MoS, and deduced effective third-
order nonlinear susceptibilities on the order of 10™"° m*/V2 By
measuring the susceptibility as a function of light wavelength,
we found significant enhancement of the susceptibility by the
excitonic resonances. We showed that this effect can be used for
nonlinear optical identification of MoS, atomic layers with
higher contrast and higher distinguishing power of multilayer
flakes compared to linear optical microscopy. Furthermore, this
technique is less restrictive on substrates. Our results suggest
the feasibility of exploring other types of third-order nonlinear
optical effects for various applications.
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