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ABSTRACT: Layered two-dimensional transition-metal dichalcogenides (2D-TMDs) hweyt (eV)

are promising building blocks for ultracompact optoelectronic applications. Recently, a 81 28 25 23 21 19
strong second harmonic generation (SHG) was observed in spiral stacked TMD 80 Ok_— 415 Auc400 nm| 500 nm | 600 nm
nanostructures which was explained by its low crystal symmetry. However, the ::": o -"'.::: .
relationship between the efficiency of SHG signals and the electronic band structure T 60.0k|- / ey

remains unclear. Here, we show that the SHG signal in spiral WS, nanostructures is E F /' '\_

strongly enhanced (~100 fold increase) not only when the second harmonic signal is in L 400k o '\ 500

resonance with the exciton states but also when the excitation energy is slightly above 5 50 o\ L J =N

the electronic band gap, which we attribute to a large interband Berry connection L ¥ \_./' f 625
associated with certain optical transitions in spiral WS,. The giant SHG enhancement 0.0 \-‘-——
observed and explained in this study could promote the understanding and utility of 200 250 500 550 600 650
TMDs as highly efficient nonlinear optical materials and potentially lead to a new A e (NM)

pathway to fabricate more efficient optical energy conversion devices.
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ptical second harmonic generation (SHG) was discov- stackings (artificial stackings or 3R stacking) and electric field

ered over 50 years ago and has been used as a ubiquitous biasing,'*'**"** but these methods involve challenging
tool in microscopic and spectroscopic techniques.'~* Modern physical manipulation of the system and have many
integrated photonic circuits require high-efficiency nonlinear restrictions. In addition to these, a spiral structure formed by
media to modulate photonic signals, but the efficiency of SHG natural screw-dislocation-driven (SDD) mechanism with a
has always been limited by the strict phase matching naturally broken inversion symmetry, showing an increasing
requirements in traditional nonlinear crystals.5 Nevertheless, SHG susceptibility with the increase of layer number
when the crystal thickness is far below the coherence length of compared 12(; s gonolayer and few-layer structures, is quite
light, the phase matching requirements are relaxed.”” The promising. "
emergence of two-dimensional (2D) van der Waals (vdW) To improve the conversion efficiency of nonlinear optical
nanostructures with broken inversion symmetry brought about signals in newly discovered materials, it is important to

many candidate materials for nonlinear nanocrystals. Due to understand and utilize their inherent electronic properties.
the unique properties of layered transition-metal dichalcoge- Recentl).r, a strong nonlinear oPtical response of monolayer
nides (TMDs), such as MoS,, WS,, MoSe,, and WSe,, their WSe, with resonance pe;%(s ranging from 1.75 to 2.35 eV were
linear and nonlinear optical properties have been widely observed at T = 4 K~ Also, resonance enhancel‘nents of
explored.** In particular, the SHG from monolayer TMDs mon.olayer and trilayer MoS.2 originating frzoém the increased
has been studied both experimentally and theoretically.'*'5~*# densllty of states at the I" point was studied.”” However, these
However, the atomic thickness of monolayers constrains the stud1§s were based on ‘few—.layer TMDs, and henFe, the SHG
amplitude of nonlinear optical signals, which is proportional to amp litudes even at exc1ton1c. resonances were quite weak. To
the square of the effective propagation distance, so an inversion achieve a higher conversion efficiency from TMDs, a
symmetry broken multilayer TMD flake where the SHG signal
can be enhanced would be the most suitable system for this Received:  January 22, 2020 .
propose. The Bernal stacked (2H) TMDs do not meet this Revised:  February 27, 2020 s
requirement in spite of their thickness, since SHG is forbidden Published: March §, 2020
by inversion symmetry, and hence, only their top layers can

contribute to the total signal intensity.'””" Different ways of

breaking inversion symmetry in 2H-TMDs include special
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comprehensive study of SHG signals over a wide spectral range
and their physical origins in spiral structures would be crucial.
Here, we report an unusual variation of SHG signals over
several orders of magnitude in the spectral range slightly above
the estimated optical bandgap of WS, (estimated to be ~2.7
eV). Four significant enhancement peaks of emitted SHG
intensity were observed, with the peak positions corresponding
to the A, B, C, and D excitonic resonances as confirmed by the
linear reflectance spectra. Besides excitonic properties, the
features slightly above the C and D exciton peaks were
attributed to the interband Berry connection near the '-K
line in the Brillouin zone.””** Our findings show the interplay
between electronic properties and nonlinear optical suscepti-
bility in TMDs and are promising for high-efficiency, compact
nonlinear optical devices.

The spiral WS, flakes were grown by chemical vapor
deposition (CVD) method” ™' on S$iO,/Si substrates and
then transferred onto quartz substrates for optical measure-
ments. For nonlinear optical measurements, a Ti/sapphire
femtosecond laser combined with a confocal optical micro-
scope was used, and SHG signals were collected in the
transmission (Figure la, see Methods for details). The optical
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Figure 1. Schematic diagram of the optical setup and optical images
of spiral WS,. (a) Schematic diagram of our transmission mode
nonlinear optical measurement system. (b) Optical and atomic force
microscope (AFM) images of a single spiral WS, flake on the quartz
substrate. Inset is the AFM image of single spiral WS, flake. (c)
Charge-coupled device (CCD) image of the spiral WS, flake
illuminated by the femtosecond laser with 1160 nm excitation
wavelength (4;,).

image in Figure 1b combined with the atomic force
microscope (AFM) image (inset) show the structural
characteristics of the spiral WS, where the spiral pattern starts
from a single screw dislocation, and the total thickness at the
center is ~20 nm (see Figure S1). Figure 1c shows the spatial
distribution of the SHG intensity on the same flake with the
laser spot size larger than the whole flake area. It can be seen
that the emission energy #Aw,, intensity increases with
increasing layer numbers in the spiral structure, confirming
that the spiral structure lacks inversion symmetry everywhere,
and the contribution from each layer interferes constructively,
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which differs from multilayer WS, flakes with regular 2H
stacking, as discussed in our previous reports.””**

The second harmonic nature of the obtained signal was
confirmed by the quadratic dependence of the emitted
intensity with the laser power, as shown in Figure 2a. The
excitonic states of spiral WS, were then studied by the linear
reflectance measurement, showing four peak positions
corresponding to A, B, C, and D excitons at ~640, 530, 470,
and 430 nm, respectively (Figure 2b). Also, the reflectance
spectra measured at spots with different layer numbers
displayed similar shapes with the excitonic peaks well matched
and in correspondence with previous reports on WS,
monolayers.'”** This result is different from the Bernal
stacked multilayer WS,,>* because the four exciton-related
peak positions and the photoluminescence (PL) peak positions
(as shown in Figure S2) do not shift in the spiral structures as
the number of layers increases. The difference likely originates
from a weak interlayer coupling when the twist angles between
adjacent layers are small (~0.25°) as in spiral structures. Here,
the approximate twist angle was taken from our previous study,
where the structural information was obtained by both
polarization-dependent SHG and transmission electron mi-
croscopy (TEM) measurements.”” The exciton peak positions
of spiral WS, can hence be used for reference and comparison
with the SHG measurements.

To explore the dependence of SHG signal on the laser
excitation wavelength /;,, measurements were performed by
tuning the laser excitation wavelength A;, from 1150 to 1330
nm. Figure 3a inset shows the optical images of the light spot
incident onto the samples, obtained from the charge-coupled
device (CCD) camera at three representative emission
wavelengths of A, = 400 nm, purple color (1, = 800 nm);
500 nm, green color (4;, = 1000 nm); and 600 nm, red color
(4 = 1200 nm), which demonstrates the broad tunability of
the SHG response. SHG signal spectra were measured by
scanning the excitation wavelength A, from 1150 to 1330 nm
with constant laser power (Figure 3a), which covers the A
exciton (~640 nm) as shown in Figure 2b with a peak SHG
signal appearing at 625 nm close to the A exciton position,'>"”
indicating a close relationship between SHG intensity and
excitonic effects. Because there is another gradual intensity
enhancement that cannot be attributed to A exciton close to
1150 nm, we further explored the short wavelength region in
detail.

To study the behavior of SHG over a wider spectral range,
the SHG intensity as a function of the excitation wavelength
(780 to 1330 nm) was plotted in Figure 3b (see Figure S3 for
detailed SHG spectra). In addition to the region near the A
exciton (625 nm) discussed above, resonances at 500, 440, and
415 nm were also observed. These four SHG signal peaks
match the A, B, C, and D excitons as observed in the linear
reflectance spectra (Figure 2b). The peaks at ~625 and ~500
nm correspond to the A and B exciton states which result from
the spin—orbit splitting of the valence band at the K point in
the Brillouin zone (BZ)."* The measured energies of the
excitons are very close to the A and B exciton states of
monolayer WS,, suggesting a weak interlayer coupling and
similarity between the electronic properties of our spiral flake
and monolayer system. The measured SHG signal in the spiral
flakes, however, displays a much large enhancement near the A
and B excitons, while both peak intensities are significantly
enhanced in comparison to the previouslzr reported data for
few-layer MoS, and WS, (~30 times).'*** This observation
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Figure 2. Results of nonlinear and linear optical measurements on a spiral WS, structure. (a) Second harmonic generation (SHG) signals under
different laser power densities. (inset) The log scale plot of the SHG intensity with increasing laser power density. (b) Linear reflectance spectra of
spiral WS, measured at spots with different layer numbers in the range of 400—650 nm.
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Figure 3. The SHG emission intensity spectrum of spiral WS,. (a) SHG emission spectra of spiral WS, with the scanned excitation wavelength A,
varying from 780 to 1330 nm. (inset) The optical images of spiral WS, illuminated by various 4, (800, 1000, and 1200 nm) (4, = 400 nm, purple
color; 500 nm, green color; and 600 nm, red color). (b) The SHG intensity as a function of the excitation energy. (inset) The magnification of local

details near A exciton.

demonstrates the high SHG conversion efficiencies in spiral
flakes compared to few layered samples (discussed later).
Furthermore, an over 2 orders of magnitude enhancement of
the SHG intensity on spiral WS, was observed when the
excitation laser excitation energy was close to the energies of
the C and D excitons states, but it shows much broader
features in comparison to SHG signals resonant with A and B
excitons. This is a surprising result since in TMDs SHG signal
enhancements are in general reported from A and B excitons
SHG and not from wavelengths near or above their bulk band
gaps.

To explain the broadband enhancement behavior in WS,
spiral structures far away from A and B excitons, theoretical
calculations of the SHG susceptibility were carried out. First, as
the basic unit of spiral structures, monolayer WS, belongs to
the symmetry group Dy, and its second-order susceptibility
tensor has nonzero elements

@ - _ @ — @ — @ __,®
;{y/y/y/ - )(y/x/x/ - - =X

where x'y'z" are crystal coordinates and y’ is along the zigzag
direction. When a linearly polarized light (x is the polarization
axis of the incident light) is incident along the —z’ direction in
the laboratory frame (xyz), the parallel (along x) and
perpendicular (along y) SHG fields should be proportional
to sin(3¢) and cos(3¢), respectively, where ¢ is the angle
between x and x’ axes and the total power collected in the
experiment is independent of angle . For a spiral structure,
the in-plane mirror symmetry of monolayer system would be
broken by the special stacking sequence. Other symmetry
breaking effects at the edges are not considered here, since as

_)(x/x/y/ _)(x/y/x/
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reported previously by us, through comparison of SHG signals
from both twisted and nontwisted samples, the contribution
from edge states was found to be small in comparison to the
bulk in twisted systems.””** This is because in a twisted
sample, due to continuous symmetry breaking in the bulk and
also owing to the large density of bulk states, the SHG signals
are found to be not dominated by the edges. A phenomeno-
logical interpretation of the second harmonic response from
spiral flakes, which can be regarded as a stack of many small-
angle twisted layers, would be an interference of SHG signal
from each layer. Assuming the system has N layers, the output
electric field from each layer has the same amplitude |E, |, and
the twisting angle between a pair of nearest layers n and n + 1
is 6,; then, the total field can be written as a vector
superposition, Espiral,Za} = Elstlayer,Zw + Eanlayer,Zw + +
Enthlager,200 With vectors from the first and the last layers
forming a 3(0, + 6, + .. + Oy_;) angle (the total angle is
around 15—20° in our system™’). Then, the SHG intensity
could be written as L, g = (Ez + Esy c0s(36,) + ... + By,
cos(3(0; + 0y + ... + Oy_1)))* + (E,, sin(36,) + E,,, sin(3(0; +
0,)) + .. + By, sin(3(0, + 0, + ... + Oy_,)))* This expression
shows that the total SHG intensity would increase with
increasing layer numbers and explains the large nonlinear
optical conversion efficiency in spiral flakes in comparison to a
monolayer system. Furthermore, in the weak interlayer
coupling limit (as also indicated by the similar reflectance
spectra (Figure 2b) and PL spectra (Figure S2) measured in
regions with different layer numbers from the spiral WS, flake),
characteristics of SHG signal in a spiral flake should follow that
of a monolayer. This is in accordance with previous studies
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Figure 4. First-principles calculated SHG signals in single-electron approximation and experimentally measured SHG from spiral WS, with varying
temperatures and laser excitation energies. (a) The SHG susceptibility of WS,, )(Xyz(z) = 7%, as a function of excitation energy Aiw,, from the first-
principles calculation. (b) The Brillouin zone distribution of the integrand r}, {AY r5.} in eq 1 at excitation energy hw = 1.35 eV, from first-
principles calculation, showing enhancements near I"and K points. (c) SHG data with an emission wavelength A, ranging from 390 to 460 nm,
measured at 77 and 300 K with fixed laser power. Three Lorentz fitting curves are denoted by green, black, and orange lines.

that the interlayer coupling strength in multilayer TMD
systems is smaller when a twist angle exists.”® Therefore, we
will first calculate ¥ of monolayer WS, to compare with the
experimental results and then briefly discuss extensions to the
spiral case along with some discrepancies between the theory
and experiments.

In our measurements, the excitation energy corresponding
to excitation wavelength A, of incident light, ranging from 780
to 920 nm, was always larger than half of the bandgap while
smaller than the smallest exciton energy and also the full
bandgap of WS, (% < hw,, < E, < E,, where E, is the
bandgap and E is the smallest exciton energy, so that
interband transitions with E,, — E, ~ hw (E,, is the energy
eigenvalue of band m) resonances are negligible, while
dominating terms are with E, — E, ~ 2A® resonances.
Then, the microscopic expression of the main contribution to
SHG susceptibili?f can be written as (based on Hugh and
Sipe’s derivation™®)

Y (—2m, , w) = 6—32/ dk Z —8ir,fm{Aer;n}Lz¢+
h Bz V n,m (Umn (a)mn - Zw)
Z a b oc 1 (@ = a)ln)] Y.,
rnm{rmlrln} + 2
nm,l Dy — Dy (o )(wmn - 2) (1)

where f,,, is the Fermi—Dirac distribution; the matrix elements
of the velocity operator acting on Bloch states are given by

v, (k) = (u,(k)Wu, (k)), and A, ., defined by

Y, — V' Tan(k) which is the interband matrix element of

the position operator (or interband Berry connection), and
—_ va®
k) = = )
explanation for the large linear optical conductivities at some
specific energies within the bulk bands in TMD systems®**
where high density of states at van Hove singularities (band

is

for n # m. Different from the
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saddling points) was the primary cause, SHG as a nonlinear
optical process involves both interband and intraband
processes and cannot be directly related to the distribution
of the density of states. The integrand in the response function
(eq 1) indicates that the SHG susceptibility is very closely
associated with the interband Berry connection between the
conduction bands and valence bands.

In order to extract microscopic information from this
system, we used first-principle calculations based on the full
band structure of monolayer WS, to evaluate eq 1 under the
single-electron approximation (see equations of full contribu-
tions for SHG in the Supportin% Information). The
susceptibility tensor element )(xyz(z of WS, (the only
independent term responsible for the measured signal) was
calculated as a function of the excitation energy (fw,,), as
shown in Figure 4a. It displays a wide and strong resonance
peak at ~460 nm which qualitatively reproduces the
experimentally observed broad enhancement above the
quasiparticle band gap. The slight discrepancies in peak
positions likely originate from the many-body effects including
electron self-interactions and electron—hole interactions, which
are not accounted for in our model.””** By comparing the
enhancement peak position with the possible transition
energies in the band structure, it can be seen that the large
SHG susceptibility peak is related to the regions near the '—K
line in the Brillouin zone. To further quantify this argument,
the integrand (r} {A) ri.}) in eq 1 (momentum-resolved
SHG susceptibility) corresponding to the interband transitions
at the peak position 4;,/2 = 460 nm was plotted in the
Brillouin zone, as shown in Figure 4b. Again, the integrand is
prominent in the regions near I' and K points, and this
correspondence indicates that a large SHG signal can be
related to the bulk interband Berry connection properties when
two bands are in resonance with the excitation energy. If we
further take into consideration the interlayer coupling, then a
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difference due to the spiral structure would result in a more
nested band structure due to Brillouin zone foldingArl and,
consequently, its SHG may be further enhanced in the higher
energy flat band regions, making them favorable for generating
large nonlinear optical responses above the bandgap. Although
the discussion here is not based on the full electronic structure
of the spiral structure, the experimentally measured enhance-
ment of SHG above the bandgap in the spiral structure could
still be qualitatively reproduced by first-principles calculations
for a monolayer structure, presumably due to the weak
interlayer coupling strength. More importantly, the corre-
spondence between certain regions in the Brillouin zone where
interband Berry connections are large to the broad and strong
SHG signals we observed experimentally demonstrates the
contributions from a large interband Berry connection in the
system, and we envision that this argument could be applied to
other nonlinear optical systems.

In addition to bulk band contributions, the excitonic
contribution was experimentally verified by temperature-
dependent SHG measurements. Figure 4c shows the SHG
intensities measured with fixed laser power, under various
excitation wavelengths 4, at 77 and 300 K (see Figure S4 for
original spectra). The positions of two SHG peaks near the C
and D excitons were located at 421 and 440 nm at 300 K,
similar to the peak positions of 433 and 470 nm obtained by
linear reflectance spectra in Figure 2b. The wavelength
dependence data of SHG measured from spiral WS, were
fitted by three Lorentzian functions; the black and green curves
correspond to D and C excitons. The orange curve
corresponds to the “bulk” contribution whose peak position
and shape does not change with temperature. The fitting
curves show that at 77 K, the C and D excitonic peaks show
blue shifts of ~17 and 15 nm, respectively, and both peaks
became stronger and narrower, confirming their excitonic
behavior. These two excitonic resonances could be well
explained by the high responsivity of the unbounded exciton
levels in the excitonic basis.*” Furthermore, the orange peak
from the bulk contribution, which centers at ~410 nm, is much
broader than the excitonic peaks but has a comparable weight.
This peak corresponds to the energy region where large
interband Berry connections contribute to on-resonance
optical transitions and, hence, large momentum-resolved
SHG susceptibilities. Therefore, both the C and D excitonic
resonances and Berry connection properties gave rise to the
giant SHG enhancement far away from the widely explored A
and B excitons in previous studies.

In conclusion, we have systemically measured the wave-
length- and temperature-dependent SHG of a spiral WS,
structure across a large spectral range from A to D excitons
and into the bulk bandgap. Strong SHG signals were observed
with excitation wavelengths ranging from 780 to 1330 nm, and
an over 2 orders of magnitude enhancement of SHG amplitude
is observed near the UV region. The huge SHG enhancement
originates from not only C and D exciton resonances but also
due to the resonance of large interband Berry connections
contributing to certain transitions within the high energy
spectral regime. The spiral structure is a multilayer general-
ization from twisted bilayer structures, whose Moiré excitons
have generated widespread interest in the domain of linear
optics. Our work showing the strong SHG signal efficiency of
spiral TMD in the nonlinear optics domain and its connection
to intrinsic band properties is promising for nonlinear optical
studies of “twistronic” systems in general and could also be
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utilized for designing efficient SHG crystals over a broad range
of wavelengths and their potential applications as novel
nonlinear media for device applications.”

B METHODS

Sample Preparation. To prepare spiral structures on
quartz substrates for SHG measurements, spiral structures
grown on Si substrates (with 300 nm of SiO,) were first spin-
coated with PMMA (A4), leaving an ~100 nm thick polymer
film. After being cured at 100 °C for 15 min, the PMMA/WS,
sample was detached from the Si/SiO, substrate with 30%
KOH solution. Then, the sample was transferred with
deionized (DI) water to reduce the KOH residue. Afterward,
the PMMA/WS, membrane was transferred onto a quartz
substrate, followed by the removal of PMMA film using
acetone. Finally, the sample was cleaned by isopropyl alcohol
and deionized water.

Sample Characterization. (1) The samples are charac-
terized by optical microscopy (OM, Zeiss Axio Imager A1) and
atomic force microscopy (AFM Bruker Multimode 8).

(2) Reflection spectra were taken by our home-built system
with a tungsten-halogen lamp used as the light source. The
broadband light was focused to a ~2 um spot on the sample
surface and the reflected beam was measured by a
spectrometer. The reflected signals were collected both from
the spiral sample area (R, q.) and from the substrate (R, yide),
and the reflectance was subsequently calculated by AR/R =
(Routside - Rinside)/ Routside'

(3) Transmission mode SHG measurements were per-
formed using a confocal microscope (WITec, alpha-300). A
mode-locked Ti/sapphire laser (Tsunami) at 800 nm (pulse
width 80 fs, repetition frequency 80 MHz) was amplified by a
regenerative amplifier laser (Spitfire Ace 100, 1 kHz) and then
was introduced into an optical parameter amplifier (OPA,
TOPAS Prime). The output laser from the OPA can be
continuously tuned from 780 to 1330 nm and used for the
SHG measurements. The source light was focused by an
infrared objective lens (10X, Zeiss) from the bottom to the
sample. The SHG signal was collected by another objective
lens (20X, Zeiss), while the light source was filtered by an
optical filter and the SHG signal passed.

For reflection mode SHG measurements we used a 140 fs
Ti/sapphire oscillator (Coherent Chameleon) with 80 MHz
repetition and a tunable wavelength from 680 to 1080 nm. The
SHG measurements at room temperature were obtained using
a 60X objective lens, whereas variable-temperature SHG
measurements were performed using a home-built, low-
temperature microscopy system. The back-reflected signal
was then directed to a dichroic and a thin bandpass centered at
the SHG wavelength to completely remove the laser scattered
light, and the SHG signal was detected by a spectrometer.

First-principles DFT Calculation Details. First-principles
DEFT calculations were mainly performed with the Vienna Ab
Initio Simulation Package(VASP)** using the projector
augmented wave method”™ and the plane-wave basis with an
energy cutoff of 500 eV. The Perdew—Burke—Ernzerhof
(PBE) exchange-correlation functional®® was used. The
structural optimization calculations were performed with a
force criterion of 0.01 eV/°A. The Monkhorst—Pack k-point
meshes of 10 X 10 X 1 were adopted for the calculations of
monolayer structures. For nonlinear optical response calcu-
lation, we used the Monkhorst—Pack k-point meshes of 64 X
64 X 1. The k-point meshes of 72 X 72 X 1 were used to test

https://dx.doi.org/10.1021/acs.nanolett.0c00305
Nano Lett. 2020, 20, 2667—2673


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00305/suppl_file/nl0c00305_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00305?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

the convergence of the current and second-harmonic
generation. Since we used the sum rule to calculate the two-
photon vertex, a bunch of unoccupied bands are needed to get
converged results. We used 200 valence bands to calculate the
second-order optical response, and 300 valence bands were
used to test the convergence.
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