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ABSTRACT: In addition to their strong nonlinear optical
response, transition metal dichalcogenides (TMDCs) possess a
high refractive index in the visible and infrared regime. Therefore,
by patterning those TMDCs into dielectric nanoresonators, one
can generate highly conﬁned electromagnetic modes. Controlled
fabrication of TMDC nanoresonators does not only enhance the
material’s intrinsic nonlinear response, but also allows for spatially
shaping the emission via nanoresonator arrays. Here we fabricate
patterned WS2 disks that support a high internal resonant electric
ﬁeld and show strong enhancement of second harmonic (SH)
generation in the visible regime. In addition, we assemble the WS2 disks in arrays to spatially direct the coherent SH emission, in
analogy to phased array antennas. Finally, we investigate and discuss drastic diﬀerences in the areal emission origin and intensity of
the measured SH signals, which we ﬁnd to depend on material variations of the used bulk WS2.
KEYWORDS: nonlinear optics, second harmonic generation, TMDC, Mie resonance, meta-surface
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enhancing material nonlinearities. Most recent eﬀorts to
fabricate anapole resonators have focused on the use of III−
V materials,19 silicon20,21 and germanium.22,23 Nevertheless,
the same design criteria can be used for TMDC resonators.24
In this work we present patterned WS2 disks that exhibit
anapole-like resonance behavior that resonantly enhances the
intrinsic second harmonic (SH) generation. By exciting several
disks in an array, we are also able to spatially direct the
nonlinear emission and to infer the areal origin of the SH
signal.
First, we discuss the design and the resonance conditions of
our resonators. The resonance wavelength, as for other
antenna structures, is determined by the resonator geometry.25
In Figure 1 we demonstrate a ﬁnite-element simulation of a
WS2 disk that shows anapole-like behavior at an excitation
wavelength of 1250 nm. The hallmarks of the mode’s
resonance, apart from its distinct near-ﬁeld pattern, are a dip
in the far-ﬁeld scattering cross-section and an increase in the
internal electric energy. The latter is of particular interest for
enhancing nonlinear eﬀects. If we choose the excitation
wavelength to be at the anapole resonance, the resulting
enhancement should be directly observable in the third-order

n their few-layer form, transition metal dichalcogenides
(TMDCs) exhibit high nonlinear optical responses.1−3
However, the small thickness of the few-layer form results in a
low interaction volume. Attempts to increase the interaction
volume have led to several studies in which the intrinsic
TMDC nonlinearity has been enhanced via light-conﬁning
structures. Until now, these studies have been focused
exclusively on coupling few-layer TMDCs to various external
systems, such as plasmonic structures,4−6 microcavities,7,8
silicon photonic devices,9,10 or dielectric nanowires.11 Here, we
utilize a TMDC bulk material itself as an optical resonator to
enhance its inherent nonlinearity. We ﬁnd that speciﬁcally
selected bulk materials can show a resonant SH signal emission
that becomes comparable to the SH signal emission of a
monolayer. Our approach is highly promising, as TMDCs
exhibit a high refractive index,12,13 making them ideal
candidates to be patterned into high-index dielectric
resonators. The utilization of a stand-alone TMDC resonator
does not only result in a higher damage threshold compared to
plasmonic systems, but also reduces the complexity in
fabrication compared to multimaterial photonic systems.
High-index dielectric resonators can support a variety of
electromagnetic modes.14,15 In order to boost the intrinsic
nonlinear response of the patterned material, the anapole
mode, which is neither a pure electric or magnetic dipole
mode, has attracted the focus of the scientiﬁc community.16−18
This mode, consisting of the overlap of an electric and toroidal
dipole mode, exhibits low energy losses compared to other
modes (e.g., dipolar mode), and the high ﬁeld concentration
inside the resonator presents an ideal playground for
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Figure 1. Electromagnetic resonance of a WS2 disk on a glass
substrate. (a) Geometry and dimensions of the nanoresonator. (b)
Electrodynamic simulation via the ﬁnite element method. The blue
curve shows the scattering cross-section, and the orange curve shows
the internal electric energy as a function of the excitation wavelength.
(c, d) Normalized intensity cross-sections of the disk for excitation at
1250 nm. The incoming linear polarization is chosen along the y axis.
The exciting plane wave electric ﬁeld has a value of 1 V/m. For
simulation details, see Supporting Information, section I.

Article

Figure 2. Third-harmonic (TH) generation by single WS2 disks. (a)
SEM image of fabricated resonators on a 170 μm thick glass substrate.
The values are the design radii R in nm. The scale bar is 1 μm. (b)
Simulated scattering cross sections for disks with varying radii. (c, d)
TH intensity maps of disks according to (a) for excitation
wavelengths of (c) 1310 nm and (d) 1200 nm. The scale bars are
1 μm, and the disk positions are marked with dotted circles. The
linear polarization of the excitation laser is aligned with the diagonal
of the shown maps (from lower left to upper right).

nonlinearity, as third harmonic (TH) generation has been
shown to be more eﬃcient in bulk than in few-layer
TMDCs.26−28 Until now, for second order eﬀects, the
conversion eﬃciency is reported to be signiﬁcantly weaker
for bulk than for a few material layers.29,30 The lower bulk
conversion eﬃciency can be explained by destructive
interference of the SH ﬁelds that are emitted by the individual
layers forming the bulk material.31
We use the results of our simulations to obtain a target
parameter space and fabricate WS2 disks accordingly. For that,
we exfoliate bulk WS2 on top of a glass substrate and pattern
disks via focused ion beam (FIB) milling (for details, see
Supporting Information, sections I and II). In Figure 2a we
display a scanning electron microscope (SEM) image of
individual disks, with radii spanning from 200 to 400 nm with
increments of 25 nm. The thickness of the utilized WS2 ﬂake
for this device is 120 nm. We use TH generation as a
characterization tool to test resonant ﬁeld enhancement inside
the disks. To this end, we scan over the resonators with a 1310
nm excitation light and spectrally ﬁlter the emitted light via a
dichroic beamsplitter and optical ﬁlters. The TH emission at
437 nm is collected in the resulting transmission window at
wavelengths below 561 nm. According to simulated scattering
curves (see Figure 2b), a disk with a radius of around 300 nm
should exhibit the highest intensity enhancement by the
anapole mode, as the resonance of this disk is closest to the
chosen laser excitation wavelength. The experimental TH
intensity map is displayed in Figure 2c. Indeed, the disk with a
radius of 300 nm exhibits the highest TH signal, whereas disks
with smaller and larger radii show decreased TH emission (for
spectra, see Supporting Information, section III). We, thus,
indirectly map out the resonance proﬁle of the enhancing
mode. To conﬁrm the wavelength-dependent resonance
behavior of our disks, we tune the excitation wavelength to
1200 nm. In the resulting TH intensity map (Figure 2d), we
now observe that disks with smaller radii are scattering
stronger. In particular, the disk with a 275 nm radius shows the

highest signal, again agreeing with the simulated scattering
curves. The decrease in TH intensity for the lower excitation
wavelength could be attributed to the higher absorption of
WS2 at the corresponding TH wavelength of 400 nm and the
lower detection eﬃciency of the used detector. The observed
TH scattering intensity dependence on the disk radius and on
the excitation wavelength, combined with the discussed
simulations, indicates that we have successfully built resonators
that exhibit anapole-like behavior.
Having established the functionality of our nanoresonators,
we now turn our attention to the main focus of this work, that
is, enhanced SH generation in resonant WS2 structures. First,
we aim to develop a basic understanding of the physical
processes at play. To theoretically describe the resonant SH
emission, we have to account for the overlap of the relevant
electric ﬁelds inside the resonator. Those relevant ﬁelds are
ESH(r) at the SH and Eex(r) at the fundamental wavelength.
Following the coupled mode formalism,32,33 we express the
emitted power at the SH wavelength as
PSH

∫ ϵ0χ (2) (r )ESH(r )Eex (r )2 dV
64λex
(ηincPinc)2
=
πc
∫ ϵex |Eex (r )|2 dV ∫ ϵSH|ESH(r )|2 dV

2

(1)

where V is the volume, ϵ0 is the vacuum permittivity, c is the
vacuum speed of light, λex is the fundamental wavelength in
bulk, ϵex and ϵSH are the absolute permittivities of WS2 at the
respective wavelengths, Pinc is the incoming power of the
excitation laser, ηinc is the coupling eﬃciency of Pinc to the
fundamental resonator ﬁeld Eex(r), and χ(2)(r) is the second
order susceptibility of WS2. According to refs 34 and 35, we
can expand both the fundamental and the SH ﬁelds in the WS2
disks in terms of quasinormal modes as
N

Eex (r ) =

∑ αi(λex )Eĩ (λ

ex )

i=1
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Figure 3. SH intensity measurement of single WS2 disks and of unstructured WS2 bulk material next to the disks. (a) Measured SH intensity map.
The disk layout is identical to Figure 2a, but it is a diﬀerent device. The scale bar is 1 μm. The linear polarization of the excitation laser is aligned
with the diagonal of the map (from lower left to upper right). (b) Spectra of the disks (blue curves) within the white rectangle in (a), from left to
right. The width of the spectral peaks is deﬁned by the excitation laser pulse duration, see Methods in the Supporting Information. The orange
curve shows a spectrum taken from the bulk WS2 next to the disks. The numbers next to the SH peaks indicate the respective SH signal strengths S
(light blue and light orange shaded areas).

Figure 4. SH measurement of WS2 resonator arrays and bulk material. Both arrays consist of 5 × 5 identical disks with a WS2 height of 123 nm and
a design radius of 300 nm. (a) Reﬂection microscope image of WS2 resonator array (device 1). The scale bar is 10 μm. (b, c) Real and back focal
plane images of the emitted SH radiation of device 1. (d) Reﬂection microscope image of WS2 resonator arrays, including array (device 2) with
same parameters as in (a). The scale bar is 10 μm. (e, f) Real and back focal plane images of the emitted SH radiation of device 2. The background
gradient is due to residual stray light. (g) SH response of the WS2 device bulk materials. The respective measurement positions are marked with
blue and orange circles in (a) and (d). The SH responses were conﬁrmed to be homogeneous over the whole bulk material. The numbers indicate
the areas of Gaussian ﬁts to the SH curves. The diﬀerences for one material are due to rotated incoming linear polarizations (between 0 and 90°).
The excitation wavelength is 1310 nm for all displayed measurements. The linear polarization of the excitation laser is aligned vertically within the
shown maps.
M

ESH(r ) =

∑ αi′(λSH)Eĩ (λ
i=1

2c. This is clear proof that the observed resonance behavior is
indeed given by the resonance at the fundamental wavelength.
The discrepancy between the SH intensity map and the spectra
results from the fact that the map is recorded with an avalanche
photodiode (APD) that integrates all the light that passes the
optical ﬁlters. Therefore, unwanted incoherent background is
recorded in addition to the coherent SH signal. The
background is probably due to multiphoton luminescence of
the WS2.36,37 The smaller background level for larger disks in
Figure 3b could stem from higher absorption due to the larger
disk volume of large disks. We next compare the SH signal
from the 300 nm radius disk, Sdisk, with the SH signal
originating from the unstructured bulk next to the disks, Sbulk.
We ﬁnd a SH enhancement factor

SH)

(r )
(3)

where λSH is the SH wavelength in bulk, αi and αi′ are the
modal excitation coeﬃcients, which include the respective
quality factors and coupling eﬃciencies, and Ẽ (λ)
i (r) are the
quasinormal modes of the resonator at wavelength λ. For
instance, the resulting ﬁeld intensity at the fundamental
wavelength Eex(r), displayed in Figure 1, can be written as the
sum of an electric dipole mode and a toroidal dipole
mode.16−18 Please note that αi reﬂects the modal overlap
(λ )
between the incoming ﬁeld of the excitation laser and Ẽ i ex (r),
whereas α′i reﬂects the modal overlap between the excitation
SH)
ﬁeld Eex(r) and Ẽ (λ
(r).34,35
i
Having discussed the theoretical basis of SH generation in
nanoresonators, we now study the measured SH response of
our WS2 nanoresonators. Figure 3a shows the SH intensity
map of the disk array. Here we use a new device, but the disk
layout is identical to Figure 2a, and the device shows the same
TH behavior as displayed in Figure 2c. At ﬁrst sight, it appears
that the disk with a radius of 275 nm exhibits the highest SH
signal. However, when studying the spectra of the respective
disks within the white box (see Figure 3b) one ﬁnds that the
radius of the disk with resonant SH generation is equivalent to
the radius of the disk with resonant TH generation in Figure

fSH =

Sdisk Abulk
S r2
= disk laser
= 50 ± 5
2
S bulk Adisk
S bulk rdisk

(4)

where we account for the diﬀerences in excited area A of the
bulk measurement (given by the excitation beam’s 1/e2
intensity radius rlaser = 600 ± 30 nm) and the disk
measurement (given by the disk radius rdisk = 300 nm).
Thus, by exploiting a resonance at the excitation wavelength,
we successfully demonstrate a signiﬁcant SH signal enhancement.
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Figure 5. SH response study for WS2 bulk samples of diﬀerent thicknesses. (a, b) Example bulk ﬂakes (left: reﬂection microscope images) with
constant thicknesses (116 and 154 nm, respectively) that reveal bright patches in SH intensity maps (right). The scale bars are 10 μm. (c)
Measured SH intensities for diﬀerent bulk thicknesses. The red line marks the thickness of the above-discussed bulk materials 1 and 2. The green
data point marks the monolayer response. The gray dashed line indicates a theoretical curve arising from the phase matching condition for bulk
WS2 crystals. Error bars are due to AFM measurement errors (horizontal) and polarization dependence/power ﬂuctuations (vertical).

slightly varying bulk material thicknesses (95−123 nm) or disk
radii (270−300 nm).
We have shown that we have fabricated WS2 resonator
arrays that behave distinctly diﬀerent, despite identical
fabrication parameters. The observed diﬀerence in SH
emission can be explained by varying second order nonlinear
properties (χ(2)) of equally thick (here around 120 nm) WS2
bulk material. In order to test this hypothesis, we measure the
SH response from the nonstructured regions of the WS2 that
forms the material basis of the two presented devices, see
Figure 4g. The two respective regions are marked with circles
in Figure 4a,d. We see a drastic diﬀerence in SH signal strength
between the two device materials. The SH signal of the bulk
WS2 material 1 (material of device 1) is 7× stronger than the
signal of the bulk WS2 material 2 (material of device 2). We
also tested the polarization dependence by rotating the linear
incoming polarization and measuring the respective SH
response. The results are shown in Figure 4g. The standard
deviation over the mean is 14% for bulk material 1 and 17% for
bulk material 2. We conclude that rotating the angle of the
linear polarization leads to a negligible change in signal. To
exclude the possibility that steps of single-layer WS2 on the
surface of the disks are responsible for this diﬀerence in SH
yield, we performed SH measurements on other WS2 bulk
materials with measurable single-layer steps. We found that the
signal diﬀerence (before and after step) was less than a factor
of 2 (see Supporting Information, section V).
To get a deeper insight into the bulk material variations of
our WS2, we conduct a statistical study of the material’s SH
response as a function of bulk thickness. Our ﬁndings are
summarized in Figure 5. In Figure 5a,b we demonstrate two
samples of WS2 bulk materials with spatially varying SH
responses (see bright patches). The samples are left pristine
after exfoliation (no further processing). We recorded high
resolution atomic force microscope (AFM) scans to conﬁrm
that these samples are constant in thickness. Comparing bright
and dark patches within one bulk material sample of constant
thickness leads to a diﬀerence in SH intensity of up to 1 order
of magnitude. However, we also ﬁnd that the SH yield depends
on the bulk material thickness. In Figure 5c we show the
measured SH responses of bulk ﬂakes with diﬀerent
thicknesses. We mark the average responses of the materials
used for devices 1 and 2 discussed previously in Figure 4 (see

After having investigated the resonance behavior of single
resonators, we now study the collective SH radiation of a
closely spaced disk array. We show two fabricated WS2
resonator arrays that behave distinctly diﬀerently, despite
identical fabrication parameters. We use the same WS2
thickness (123 nm) as for the single disk measurements (6%
uncertainty). We choose the radius to be 300 nm, as this leads
to the strongest SH signal for an excitation wavelength of 1310
nm. The spacing between resonators is chosen to be 780 nm.
In order to illuminate a large area and thereby excite the whole
disk array, we focus the incoming excitation of 1310 nm onto
the back focal plane (BFP) of the 1.3 NA oil immersion
objective used for imaging and signal collection. This results in
a beam spot with a 1/e2 intensity diameter of ∼10 μm. The
average power on the sample is 1.1 mW. For SH detection, we
image the spectrally ﬁltered real space of the sample, as well as
the BFP. Figure 4a,d shows microscope images of two devices
(devices 1 and 2) that were identically fabricated. The
measured intensity maps are also displayed in Figure 4 and
reveal that the two devices drastically diﬀer in their SH
response. First, we observe a higher overall signal count in
device 1 compared to device 2. Second, we ﬁnd fundamentally
diﬀerent far-ﬁeld radiation patterns for the two devices. We
note that these far-ﬁeld patterns are indicative of the individual
antenna radiation patterns38,39 and allow us to diﬀerentiate
between SH emission originating from the bulk or the surface
of the disk resonators. In Figure 4b (device 1) we observe the
inner part of the disks lighting up (bulk emission), whereas in
Figure 4e (device 2) we observe the outer part of the disks
lighting up (surface emission). This diﬀerence is even more
pronounced in the recorded BFP images. Here we record a
zeroth order emission lobe (central lobe) in Figure 4c (device
1). Since a dipole emission pattern allows for a zeroth order
emission lobe, the BFP image of device 1 suggests a dipolar SH
emitter that originates from the bulk of the material. This
emission lobe, however, is absent in Figure 4f (device 2). Here,
the BFP image is reminiscent of the far-ﬁeld SH pattern of a
gold rod array, see ref 40, where the SH emission originates
from the surface of the resonators. This surface emission
suggests opposite dipoles with a phase diﬀerence of π leading
to destructive interference at an emission angle of 0°. We note
that the SH emission behavior observed in device 2 is
representative of other measured devices, also for devices with
2485
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red line). Many samples with a thickness of ∼123 nm have
been measured most of which show a SH yield that agrees with
the SH yield of device 2. Based on a simple phase matching
model,41 one would expect the integrated SH intensity of bulk
WS2 to follow a sinc-function behavior
ISH = IML

sin(Δk × t /2)
Δk × t /2

Article

that could be used for LIDAR40 and holographic imaging
applications.44
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(5)

where IML corresponds to the integrated SH intensity of a
monolayer (see green data point in Figure 5c), Δk = 2kex − kSH
is the wave vector mismatch between the bulk SH wave vector
kSH = 2π/λSH and the bulk excitation wave vector kex = 2π/λex.
Based on the dispersion of WS2,24 we calculate Δk = −0.011
nm−1. The thickness t is weighted with a factor of 1.25
accounting for the high NA objective that increases the
eﬀective thickness seen by the light. The data shown in Figure
5 roughly follows the theoretical sinc-like behavior, but there is
a signiﬁcant number of outliers.
We propose three possible reasons (or a combination of
those) for the measured diﬀerences in SH response: (i) 3R
polytypism, (ii) stacking faults, and (iii) metallic phase
changes. For a detailed discussion, see Supporting Information,
section VI.
In conclusion, we have demonstrated TMDC high-index
resonators for nonlinear conversion enhancement. The
resonance behavior of the bulk-induced TH suggests the
mode to be anapole-like. The assembly of our WS2 resonators
into an array reveals the SH emission to originate either from
the bulk or from the surface of the resonators, depending on
variations in the SH response of the used bulk material. A
statistical analysis indicates that most bulk ﬂakes oﬀer a small
SH signal. As those ﬂakes are used for fabricating resonators,
we ﬁnd that SH emission arises from the resonator surface.
However, material outliers exhibiting an increased SH response
can be utilized for resonators that show strong SH emission
from the bulk of the resonators. We hypothesize that these
material outliers are connected to stacking faults and
polytypism. Clearly, further studies on material-induced
variations of SH generation in bulk TMDCs are needed.
Nevertheless, despite their presumed low bulk nonlinearity,
we demonstrated the possibility to utilize bulk TMDCs for
building resonant devices which exhibit highly eﬃcient SH
generation. The potential of our approach becomes clear as
one compares the SH intensity of a WS2 monolayer (green
data point, integrated SH intensity = 104) to outliers with bulk
thicknesses between 100 and 200 nm (integrated SH intensity
= 3 × 103), see Figure 5c. By preselecting or engineering those
highly eﬃcient bulk ﬂakes and patterning them into resonators,
a resonantly enhanced SH intensity (see eq 4) of f SH × 3 × 103
≈ 15 × 104 could be achieved. Therefore, considering a unit
area of the nonlinear material, resonantly enhanced SH
generation from bulk TMDCs can be more than 1 order of
magnitude more eﬃcient than SH generation from the same
TMDC in its monolayer form. Additionally, the emitted SH
power can further be enhanced by maximizing the overlap
integral in eq 1.35,42 Practically, this means that the resonator
geometry needs to be optimized for maximal SH power.43
Building on these results, preselecting and engineering TMDC
bulk materials for maximal SH response, appears as an exciting
venue for future research. Patterning those SH-enhanced
TMDCs into resonator arrays presents a profound opportunity
for creating highly eﬃcient nonlinear TMDC meta-surfaces
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