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ABSTRACT: We report continuous-wave second harmonic and
sum frequency generation from two-dimensional transition
metal dichalcogenide monolayers and their heterostructures
with pump irradiances several orders of magnitude lower than
those of conventional pulsed experiments. The high nonlinear
efficiency originates from above-gap excitons in the band
nesting regions, as revealed by wavelength-dependent second
order optical susceptibilities quantified in four common
monolayer transition metal dichalcogenides. Using sum
frequency excitation spectroscopy and imaging, we identify
and distinguish one- and two-photon resonances in both
monolayers and heterobilayers. Data for heterostructures reveal responses from constituent layers accompanied by nonlinear
signal correlated with interlayer transitions. We demonstrate spatial mapping of heterogeneous interlayer coupling by sum
frequency and second harmonic confocal microscopy on heterobilayer MoSe2/WSe2.
KEYWORDS: nonlinear optics, sum frequency generation, exciton, two-dimensional semiconductors, van der Waals heterostructures,
confocal microscopy, valleytronics

Nonlinear optical spectroscopy and microscopy are
proving crucial to the development and study of two-
dimensional (2D) layered materials and emerging

van der Waals (vdW) quantum materials.1,2 Second order
nonlinear processes such as second harmonic generation
(SHG) originate from noncentrosymmetric crystal structure
and have been widely used for the determination of layer
number, crystal orientation, and twist angle of atomically thin
transition metal dichalcogenides (TMDs), hexagonal boron
nitrides (hBN), vdW heterostructures,3−5 and Weyl semi-
metals.6 Nonlinear microscopy can provide direct imaging of
symmetry-related local information such as crystal domains,7,8

strain fields,9,10 edge disorders,11 etc. Recently, SHG was also
shown to be a powerful probe of the antiferromagnetic
coupling in layered magnets.12

Conventionally, nonlinear optical characterization of 2D
layered materials is performed with pulsed excitation lasers
with high instantaneous pump irradiances of the order of tens
to hundreds of TeraW/m2.2,3,7,13−15 The relatively high pump
fluence can induce significant carrier-renormalization effects
that substantially alter the intrinsic electronic band structure

and screen exciton states.16−19 In addition, multibeam
nonlinear experiments such as sum frequency generation
(SFG) and four-wave mixing20 are ultrasensitive to the
temporal overlap of multiple laser pulses at different wave-
lengths, thus posing stringent limits on the applicability,
versatility, and robustness of complex and broadband nonlinear
optical characterization methods.
In this work, we report the continuous wave (CW)

generation of second order nonlinear signals from 2D TMDs
and their heterostructures with pump irradiances that are more
than 3 orders of magnitude lower than those of typical pulsed
excitation conditions. Wavelength-dependent second order
nonlinear optical susceptibilities are measured for monolayer
(1L) MoS2, WS2, MoSe2, WSe2, and twisted heterobilayers of
MoSe2/WSe2, providing a clear comparison of their efficiencies
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as a useful guideline for both material characterization and
device applications. More importantly, based on robust CW
operation, we report multimodal SFG excitation spectroscopy
and microscopy, demonstrating their applications in the study
of exciton resonances, interlayer electronic coupling, and valley
contrasting physics. In particular, we show that nonlinear
microscopy can be an effective and nondestructive method for
spatial visualization of interlayer coupling in vdW hetero-
structures and quality inspection of heterobilayer samples.

RESULTS AND DISCUSSION
A representative confocal CW SHG image of a mechanically
exfoliated WSe2 flake is shown in Figure 1a under excitation by

a 1.406 eV CW laser with irradiance of 1010 W/m2. Strong CW
SHG signals are observed in the monolayer and trilayer
regions, which belong to the D3h space group with broken
inversion symmetry, and negligible signals are collected from
the bilayer region with centrosymmetric crystal structure. The
CW SHG count rates in Figure 1a are directly measured from
the detector without applying any correction based on system
collection efficiency. Figure 1b shows the normalized spectrum
of CW SHG with a narrow, pump-limited line width,
significantly narrower than the SHG excited by our 120 fs
pulses. The inset of Figure 1b shows polarization-dependent
CW SHG intensity measured with collinearly polarized pump
and second harmonic signals, acquired from the monolayer
region of the flake shown in Figure 1a. The 6-fold flower
pattern follows from the second order susceptibility tensor:
|χ(2)| = χ(2)yyy = −χ(2)yxx = −χ(2)xxy = −χ(2)xyx with y being the
armchair direction and x being the zigzag direction.3 The layer

dependence and polarization dependence of CW SHG signals
confirm that the CW nonlinear signals are generated from the
intrinsic TMD crystal lattice instead of defects or contami-
nation.
The capability to observe SHG with low pump irradiance

reveals the intrinsically high nonlinear efficiency in monolayer
TMDs. SHG excitation spectroscopy was performed to
quantify the wavelength-dependent second order sheet
susceptibility |χ(2)| for monolayer WSe2, MoSe2, WS2, and
MoS2 (Figure 1c, d). All samples used for |χ(2)| measurements
are mechanically exfoliated and transferred onto fused silica
substrates with thin (<20 nm) hBN encapsulation layers to
avoid substrate-induced interference effects.21 The quantitative
values of |χ(2)| are obtained by comparing SHG intensity
measured on monolayers to reference samples of z-cut quartz
crystals at each excitation wavelength.3,22 With the same pump
wavelengths and substrate, our data agree reasonably well with
previous reports for 1L-MoS2.

3,14 For all four monolayer
TMDs, |χ(2)| is greatly enhanced when the second harmonic
energy becomes resonant with their respective high-energy
exciton states above the optical gap, which are labeled as A′
and B′ excitons for 1L-WSe2 and C excitons for 1L-MoSe2, 1L-
WS2, and 1L-MoS2.

23,24 When on resonance with these
excitons, |χ(2)| values of the four 1L-TMDs are all found to
be approximately 0.2 nm2/V, which are much higher than
previous reports25−27 at other second harmonic energies.
Despite the clear observation of peaks in the |χ(2)| spectra,

SHG excitation spectroscopy cannot fully distinguish between
one- and two-photon resonances. Here, a one-photon
resonance refers to the energetic resonance of the pump
photon, and a two-photon resonance refers to energetic
resonance of the second harmonic or sum frequency photon.
Second order nonlinear transitions are doubly resonant
processes, as sketched by the level diagram in Figure
2a.22,28,29 The underlying resonances can be discriminated
unambiguously by SFG excitation spectroscopy, where
energies of the two pump photons can be separately controlled.
Figure 2b shows a representative CW SFG spectrum from 1L-
WSe2 pumped by two spatially overlapped CW laser beams at
ω1 (1.27 eV) and ω2 (1.406 eV). Three pronounced peaks at
2ω1, ω1+ω2, and 2ω2 can be observed at the same time. The
inset of Figure 2b shows the dependence of intensities of the
three signals on pump irradiance of ω2, showing linear power
dependence for the SFG signal and quadratic power depend-
ence for the 2ω2 SHG signal, confirming our peak assignments.
In our SFG excitation spectroscopy, one pump frequency is

fixed at ω1, and the second pump frequency ω2 is continuously
tuned, generating SFG and SHG signals together at different
frequencies. Figure 2c shows the heat map of nonlinear signal
intensity as a function of pump excitation energy and output
photon energy for 1L-WSe2. The SFG intensity at ω1 + ω2 and
SHG intensity at 2ω2 are extracted and plotted as a function of
their respective output photon energy in Figure 2d.
Interestingly, both SFG and SHG are significantly enhanced
when their nonlinear output energies approach A′ and B′
excitons at 2.4 and 2.9 eV, respectively, regardless of how the
output energy is distributed between the two contributing
pump photons. The SHG and SFG excitation spectra are also
identical except for the rapid drop of SFG above 2.87 eV,
which is discussed later. This provides evidence that the final
transition from excited state |e⟩ to ground state |g⟩ is the
dominant resonance in the level diagram shown by Figure 2a.

Figure 1. Observation of CW SHG from monolayer transition
metal dichalcogenides. (a) Confocal microscopy of SHG intensity
from exfoliated WSe2 flakes (no hBN encapsulation) pumped by a
CW laser at 1.406 eV with incident irradiance of 1010 W/m2. kcps,
kilocounts per second. (b) Comparison of SHG spectra under CW
and pulsed excitation. Inset shows the polarization-dependent CW
SHG intensity measured from the monolayer (1L) region in panel
a. Wavelength-dependent characterization of second order sheet
susceptibilities |χ(2)| of (c) 1L-WSe2 and 1L-MoSe2 and (d) 1L-WS2
and 1L-MoS2, showing large enhancements due to resonances with
A′, B′, and C excitons.
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Similar results are obtained on other monolayer TMDs and are
included in the Supporting Information.
The output-dominated resonance behavior likely arises from

the high oscillator strengths of A′ and B′ excitons in 1L-WSe2.
Similarly, enhanced SHG/SFG signals are observed when
output photon energies approach the C excitons for 1L-MoS2,
1L-MoSe2, and 1L-WS2 (Supporting Information, Figure S1).
In monolayer TMDs, band nesting effects result in a large joint
density of states (JDOS) as conduction and valence bands
become parallel.24 Therefore, the resonant enhancement of
nonlinear efficiency may be explained by the enhanced
transition rate from the two-photon excited state |e⟩ to the
ground state |g⟩ due to the large JDOS.
In fact, our data also show that directly pumping excitonic

resonances is highly undesirable for nonlinear optical
applications due to strong photocarrier renormalization effects.
As mentioned before, the SFG intensity becomes strongly
suppressed compared to SHG when the sum frequency photon
energy goes above 2.9 eV. In this regime, the excitation energy
ℏω2 exceeds the optical gap at 1.65 eV, resulting in the
generation of a large concentration of excess carriers, which is
estimated to be about 5 × 1013 cm−2, considering a pump
irradiance of 1010 W/m2, optical absorption of 5%,23 and
photocarrier relaxation time of 300 ps.30 The high density of
excess photocarriers may induce strong Coulomb screening31

of the band nesting excitons, resulting in lower exciton
oscillator strength and consequently reduced nonlinear
efficiency. This is further evidenced by measurements of

SFG efficiency as a function of pump irradiance, comparing
pump energies below and above the optical absorption gap
(Figure S8). In addition to the photocarrier effects, depletion
of the pump by direct linear absorption may also play a role in
reducing nonlinear efficiency. Disentangling the convoluted
pump and output energetic resonances and renormalization
effects in 2D semiconductors can provide critical guidelines for
designing excitonic nonlinear optical devices.
Next, we apply SFG microscopy and excitation spectroscopy

to investigate interlayer coupling in vdW heterobilayers of
MoSe2/WSe2. The TMD monolayers used here are grown by
chemical vapor deposition and subsequently stacked togeth-
er.33 Figure 3a−c shows the nonlinear confocal images of a 58
± 0.5° twisted heterobilayer sample. The twist angles are
verified by polarization-dependent SHG measurements of the
separate monolayer regions, as shown in the Supporting
Information. The nonlinear signal at 2.75 eV corresponds to
the sum frequency of the two laser beams, and the signals at
2.96 and 2.54 eV are SHG signals. Our as-stacked heterobilayer
samples typically have tiny bubbles and wrinkles with <10 nm
heights. The “nano-squeegee” method32 is applied to create a
flattened heterobilayer region, as shown by the box in Figure
3a. The flattening process is illustrated in Figure 3d, where an
atomic force microscope (AFM) tip is scanned across the
sample in contact mode to flatten and/or move bubbles and to
sweep away contaminants on and within the heterobilayer.34

This results in more intimate contact between the top and
bottom monolayers of MoSe2 and WSe2, as evidenced by AFM
topography images shown in the Supporting Information. The
nano-squeegee method has been shown to be effective in
enhancing interlayer electronic coupling.32,33 Here, we observe
significantly enhanced nonlinear efficiency in the flattened
heterobilayer region compared to the as-stacked heterobilayer
region (Figure 3a−c).
For heterobilayer TMDs with a twist angle close to 60°, it

has been reported that the SHG intensity would be strongly
quenched compared to bare monolayers, which was explained
by destructive optical interference of the second harmonic
waves generated from electrically decoupled top and bottom
layers.4 In our microscopy images, SHG and SFG are
consistently quenched in the as-stacked heterobilayer region
but enhanced to brightnesses comparable to monolayers in the
flattened region despite having a twist angle close to 60°. The
flattening-induced enhancement of SFG is stronger than that
of SHG because the sum frequency photon energy is closer to
the interlayer resonance. The enhanced nonlinearity is further
evidenced by the |χ(2)| spectra measured in the flattened region
versus the as-stacked region (Figure 3e), showing that the
heterobilayer |χ(2)| peak at about 2.85 eV is stronger in the
flattened region. Because the flattening process has been
known to enhance interlayer electronic coupling,33 we
tentatively attribute this feature to be an interlayer electronic
transition that resonantly enhances SHG and SFG. The
flattening-induced nonlinear enhancement is also observed in a
second 0° twisted heterobilayer sample (Figure S6). The clear
correlation between nonlinear generation intensity and
interlayer coupling suggests that interlayer electronic tran-
sitions can play an important role in SHG and SFG from
twisted heterobilayers.
The |χ(2)| of our 58° MoSe2/WSe2 is largest when the pump

energy ℏω2 is around 1.4 eV (second harmonic energy 2ω2
around 2.8 eV), which is close to the energy of interlayer
excitons in this heterobilayer system.33,35,36 SFG excitation

Figure 2. SFG excitation spectroscopy of 1L-WSe2. (a) Schematics
of exciton-resonance-enhanced SFG process where two pump
photons with energies of ℏω1 and ℏω2 are upconverted into one
photon with a summed energy of ℏω1 + ℏω2. Inset: level diagram
of the SFG process. (b) Typical spectrum of CW SFG. Inset: the
dependence of SFG and SHG intensities on the irradiance of the
pump beam at ω2. Solid lines are power law fits with power
coefficients of 0.03, 0.92, and 1.96 for 2ω1, ω1 + ω2, and 2ω2,
respectively. (c) Heat map of SFG CW excitation spectroscopy. In
addition to the straight lines representing SHG and SFG signals,
hot photoluminescence is also observed in odd layer WSe2 (Figure
S2), which may be excited by high energy SHG/SFG photons. (d)
Dependence of SHG (2ω2) and SFG (ω1 + ω2) intensities on the
output photon energy.
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spectroscopy is performed to distinguish one-photon (pump)
and two-photon (output) resonances. Similar to Figure 2, one
pump frequency ω1 is kept constant (1.27 eV), while the
second pump ω2 is continuously scanned. If the |χ(2)| peak in
Figure 3e was related to the pump resonance of a band edge
interlayer exciton at 1.4 eV, SHG and SFG would be enhanced
when pump energy ℏω2 reaches 1.4 eV, leading to maximized
second harmonic and sum frequency generation at 2.8 and
2.67 eV, respectively. Instead, the excitation spectra of SFG
and SHG are almost identical for their dependence on output
energy. Therefore, we tentatively assign the peak in the |χ(2)|
spectrum to be an output-resonant higher energy interlayer
transition, possibly with excitonic nature.
Furthermore, carrier-induced Coulomb screening and

renormalization effects16,17 are also found to strongly affect
nonlinear processes in heterobilayers. In Figure 3f, the two
arrows indicate the position when the pump photon energy
ℏω2 is scanned to be resonant with A excitons of the 1L-MoSe2
and the 1L-WSe2 in the heterobilayer. Similar to the monolayer
TMDs, rapid drops in nonlinear efficiency are observed when
pump energies are directly resonant with excitons.
Finally, we examine the linear polarization dependence and

chirality selection rules of SFG in monolayer TMDs. In our
linear polarization experiments, the electric field of ω1 is fixed
along the armchair direction while the beam at ω2 is rotated, as
sketched by Figure 4a. We found that the total SFG intensity
does not depend on the cross-polarization angle Δθ of the two
pump beams, as shown by the nonpolarized SFG intensity in
Figure 4b. However, the linearly polarized components of the
sum frequency electric field along the armchair and zigzag
directions are indeed dependent on Δθ. It can be derived from
the χ(2) tensor that

χ θ= | | Δω ω ω ω+I I I cos ( )y
(2) 2 21 2 1 2

(1)

χ θ= | | Δω ω ω ω+I I I sin ( )x
(2) 2 21 2 1 2 (2)

where Iy
ω1+ω2 and Ix

ω1+ω2 represents the SFG intensity along
armchair and zigzag directions, respectively, and Iω1 and Iω2 are
intensities of the two pump beams. The solid lines in Figure 4b
are fitting results of the experimental data using eqs 1 and 2.
Perhaps more interestingly for these candidate valleytronics

materials, the circular polarization dependence of SFG is also
investigated. In our experiments, 1.27 and 1.148 eV CW laser
beams are used for excitation with separate control of their
circular polarization states. No analyzers are placed in the
collection path. In Figure 4c, the right (left) circularly
polarized pump beam is denoted by σ+(−). The 2ω2 and ω1
+ ω2 peaks are much stronger because they are close to the B
exciton resonance of 1L-WS2 at 2.4 eV. Strong SFG can only
be observed when the two pump beams have the same circular
polarization and almost vanishes when the two pumps have
opposite chirality. This chirality selection rule of SFG
originates from threefold rotational symmetry of the crystal
lattice of monolayer TMDs.37 For generic second order
nonlinear processes, it can be shown that

σ + σ − σ = =ω ω ω ω+ N N3 , 0, 1, 2 ...
1 2 1 2 (3)

where σω1
, σω2

, and σω1+ω2
are the circular polarizations of the

two pump photons and the generated sum frequency photon.
More detailed discussions are included in the Supporting
Information. The K and −K valleys of monolayer TMDs are
selectively coupled to different circular polarizations of light as
a result of inversion symmetry breaking and spin−orbit
coupling.38,39 When two pump photons have identical chirality,
SFG follows the same valley-coupled chirality selection rule as
previously reported for SHG.26,37,40 When two pump photons
have opposite chirality, SFG is found to be a forbidden process,
as sketched in Figure 4d, consistent with the theoretical result

Figure 3. Revealing interlayer coupling in vdW heterostructures by nonlinear confocal microscopy and excitation spectroscopy. Microscopy
images of SFG (a) and SHG (b, c) on a 58° twisted heterobilayer (HB) of MoSe2/WSe2 with spatially overlapped dual-beam CW laser
excitation at 1.27 and 1.476 eV. The dashed box in panel a indicates the region flattened by the nano-squeegee process32 as illustrated in
panel d, where an AFM tip is scanned in contact mode to flatten out bubbles and wrinkles. Note that in panel d, the substrate and top hBN
layer are omitted for clarity, and the sketch is not in scale. (e) Spectra of second order nonlinear susceptibility |χ(2)| showing enhanced
nonlinear efficiency in the flattened region at corresponding output photon energies consistent with confocal microscopy. (f) SFG excitation
spectroscopy with ω2 being scanned and ω1 fixed at 1.27 eV. The arrows indicate carrier renormalization effects when ω2 matches the A
exciton energy of 1L-MoSe2 and 1L-WSe2.
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of eq 3. This SFG chirality selection rule may inspire optical
methods for the study of valley physics.

CONCLUSION
In conclusion, continuous-wave generation of second harmonic
and sum frequency signals is realized from atomically thin
transition metal dichalcogenides and van der Waals hetero-
structures. Nonlinear optical spectroscopy and microscopy
techniques are developed based on CW operation for probing
optical and electronic properties. In particular, we demonstrate
the application of SFG excitation spectroscopy in discriminat-
ing one-photon (pump) versus two-photon (output) excitonic
resonances in nonlinear processes and SFG/SHG microscopy
for spatial imaging of interlayer coupling in twisted
heterobilayers of MoSe2/WSe2. In addition, the linear and
circular polarization dependence of SFG is fully investigated.
Our results provide insights on nonlinear optics in van der
Waals quantum materials as well as guidelines for next-
generation nonlinear optical devices based on 2D semi-
conductors.

METHODS
Measurement of Nonlinear Susceptibility. A wavelength-

tunable Ti:sapphire laser (Coherent Chameleon) is used as a pulsed
pump source with pulse duration of about 120 fs. A feedback control
system made of a continuously motorized neutral density filter wheel
and power meter is used to regulate the pump power. The pump
beam is focused onto the sample using a 100×, 0.95 numerical
aperture objective. SHG signals are collected in a backscattering
geometry, dispersed by a spectrometer, and measured by a cooled
silicon CCD camera. Wavelength-dependent SHG intensities of
monolayer and heterobilayer TMD samples are measured and
compared to the reference sample of a 1 mm-thick z-cut quartz
crystal. The following formula3 is used to obtain nonlinear
susceptibility |χ(2)| from the measured SHG intensity from monolayer
and heterobilayer samples (IS) and from the reference crystal (Iquartz).
In the following, |χS

(2)| is the sheet susceptibility, ds is the thickness of
respective monolayer or bilayer samples, |χquartz,11

(2) | is the susceptibility
value of z-cut quartz along its 11 direction and taken to be 0.3 pm/V
and constant across the wavelength range of our measurements,41 IS
and Iquartz are SHG intensities measured on the sample and on z-cut
quartz, both normalized to the square of pump power, n(ω) and
n(2ω) are the refractive indexes of the fused silica substrate at pump
and second harmonic wavelengths, respectively, and c is speed of light
in a vacuum.

χ

χ ω ω ω
| |

| |
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[ + ]
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S
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Continuous Wave SFG Microscopy and Excitation Spec-
troscopy. For CW experiments, the aforementioned Ti:sapphire
laser is operated without mode-locking as the tunable pump beam,
and a 1.27 eV diode laser is used as the second pump beam with fixed
wavelength. The backscattered SFG and SHG spectra are collected
with a thermoelectrically cooled electron multiplying CCD
(EMCCD) (Princeton Instrument ProEM). Typical integration
time is 0.3 s for excitation spectroscopy and 0.1s for microscopy.
The typical pump beam spot size is about 600 nm, and typical CW
pump power is in the range of 1−20 mW. All experiments are
performed at room temperature and in ambient conditions. No visible
sample damage has been observed under CW excitation.

Sample Preparation. Flakes of TMDs are mechanically exfoliated
onto 285 or 90 nm SiO2/Si substrates and then transferred onto fused
silica substrates for wavelength-dependent nonlinear measurements.
Heterobilayer samples are prepared following methods reported
before.32,33 MoS2 and WS2 bulk crystals are purchased from HQ
Graphene. MoSe2 and WSe2 bulk crystals are home grown by the flux
method.42 The hBN bulk crystals are provided by National Institute
for Materials Science, Tsukuba, Japan. Standard mechanical
exfoliation is performed with Scotch tape to obtain mono- and few-
layer TMD and hBN flakes. The mother tapes for TMD are heated at
100 C° and then sufficiently cooled prior to exfoliation. Layer transfer
and hBN encapsulation follows standard dry-transfer techniques with
a polypropylene carbonate film on a polydimethylsiloxane stamp.43
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