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Abstract

Second harmonic generation of single- and few-layer mechanically exfoliated tungsten diselenide
(WSe,) samples are studied. The value of the effective second-order nonlinear susceptibility for
monolayer WSe, is obtained, being three orders of magnitude larger than the values usually reported
for other nonlinear bulk crystals. The presence of a monolayer is certified by symmetry analysis of the
Raman modes and the occurrence of a direct band gap. Our results on WSe, solidify the family of
transition metal dichalcogenides as two-dimensional systems with ultra high second-order nonlinear

susceptibility.

1. Introduction

The class of layered transition metal dichalcogenides
(TMDs) is presently attracting increased attention due
to the observation of new physical phenomena arising
in systems of reduced dimensionality [1-3]. Both the
discovery of special optical and electrical properties, as
well as new application possibilities, have multiplied in
recent studies on TMD materials exfoliated down to
films of monolayer thickness. The monolayer version
is composed of one transition metal atom (M) and two
chalcogen atoms (X), in the form X-M-X or MX,. This
is, in fact, an atomic trilayer (TL) in which the two
principal coordinations for the metal atoms are
trigonal prismatic (2H) and octahedral (17) [4, 5]. The
bulk form of some TMDs, such as MoS,, WS,, and
WSe,, are indirect gap semiconductors, but an indir-
ect-to-direct gap transition is observed when decreas-
ing the number of layers down to a monolayer
(one that is TL) [1, 6-10], making these materials
suitable for optoelectronic applications and comple-
menting graphene (which is gapless) in device
fabrication.

The second harmonic generation (SHG) techni-
que has been used to probe symmetry variations, i.e.,
the presence or absence of inversion symmetry in dif-
ferent types of TMDs [11-15]. While an extensive list
of nonlinear crystal second-order susceptibility values
can be found in the related literature [16—18], the
exploitation of nonlinear optical properties of few-
layer nanomaterials is in its beginning. Most impress-
ive is the enhancement of the nonlinear optical prop-
erties of TMDs when decreasing the number of layers.
The second-order nonlinear susceptibility in MoS,
increases from values on the order of 10> nm/V in
bulk form to 5 nm/V (see table 1) in the MoS, mono-
layer [13]. The WS, monolayer exhibits a similar high
second-order susceptibility (see table 1) [19]. A recent
work showed that the SH emission of monolayer WSe,
at a low temperature (T = 4 K) can be enhanced (up to
3 orders of magnitude) when using laser excitation in
exciton resonances at 1.75 and 2.17 eV [20]. In this
work, we perform SHG analysis in mono- and few-
layer WSe, at ambient temperature and for a single
excitation wavelength. Raman spectroscopy and pho-
toluminescence measurements are used to verify the
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Table 1. Values of the second-order nonlinear susceptibility d (nm/
V) for one TL (2D) and bulk (3D) TMDs and for common nonlinear
crystals found in the literature. H and R indicate trigonal prismatic
and rhombohedral stackings, respectively. The 9 L corresponds to
nine layers of GaSe. Also indicated is the laser wavelength A; (nm)
used for each experiment.

Materials d(nm/V) AL (nm)  References
H(one TL) WSe, deg =5 816 This work
H(one TL) MoS, degg =5 810 [13]
H(one TL) WS, dug = 4.5 832 [19]
3R MoS, (bulk) d,; = 0.5 1064 [21]
GaAs dy, = 3687 x 107 10600 [16]
GaSe dyy = 544 x 1073 10600 [16]
(9L) GaSe der = 9.3 x 1073 1560 [22]
(-BaB,0, d; =16 x 1073 1064 [16]
dyy = 22 x 1073 1064 [16]
ds; = 0.16 x 1073 1064 [16]
a-Si0, (quartz) d; =04 x 1073 1058.2 [17]
2H (bulk) MoS$, der < 5 x 1075 1064 [21]

presence of monolayer WSe,. The results characterize
a monolayer sample with an estimated nonlinear
susceptibility value of deg ~ 5 nm/V (at 816 nm
excitation), which is at least 3 orders of magnitude
larger than that of usual nonlinear crystals. The
results obtained here add another material to the
family of two-dimensional (2D) TMD systems
demonstrating ultrahigh second-order nonlinear
susceptibility.

2. Results and discussion

Sample description. WSe, single crystals were synthe-
sized using chemical vapor transport, following the
established method reported in [23]. Few-layer sam-
ples were deposited on top of a 300 nm SiO,/Si
substrate using the scotch tape mechanical exfoliation
method [24]. Figure 1(a) shows an optical image of a
few-layer sample of WSe, where one, two and three
TLs and bulk (in white) are indicated. The number of
TLs is determined by combining the optical, photo-
luminescence, and Raman spectroscopy data.

Raman spectroscopy. Raman measurements were
performed using a Renishaw InVia spectrometer
equipped with a Leica microscope with a 50 objec-
tive (in the backscattering configuration) using
514 nm laser excitation. The laser power used to
acquire these spectra was 35 yW for few-layer sam-
ples and 400 W for bulk samples (to avoid laser
damage of the samples [24]), taking two accumula-
tions of 60 s for each spectrum. Raman spectra are
plotted in figure 1(b).

The main first-order features of the Raman spec-
trum of WSe, bulk samples are the Raman active
Eyg, Ezlg, Ezzg, and Ay modes with frequencies at 178,
250, 25 and 253 cm ™}, respectively [25]. The E;, mode
is symmetry forbidden in the Raman backscattering
configuration, while the low frequency E3, is too close
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to the Rayleigh line and, therefore, not observable in
our setup. In few-layer WSe,, the main features
observed in figure 1(b) are the peaks at ~250, ~260,
and ~310 cm ™. Both Ezlg and A;; modes contribute
to the peak at 250cm™' [26, 27]. The mode at
260 cm™ ' was identified as a second-order Raman
peak [8, 23, 28]. The peak at ~310 cm™ ' is not Raman
active for one TL WSe, (as seen in the bottom spec-
trum of figure 1(b)), but it becomes active for a
larger number of layers (N > 1). The activation of
this mode in Raman scattering spectra of NTL
WSe, (N > 1) is due to the breakdown of the
translational symmetry along the ‘¢ axis (the
axis perpendicular to the basal plane of the TLs).
Therefore, the absence of the Raman peak at
~310cm ™! for the sample region marked with one
TL (see figure 1(a) and the bottom spectrum in
figure 1(b)) is an indication of single-layer WSe,.

Photoluminescence analysis. Figure 1(c) shows a
luminescence image in which the brightest regions
indicate a larger intensity luminescence signal. The
image was acquired with an Imager A2m Zeiss micro-
scope using laser excitation at 560 nm with a
50 x objective and equipped with an AxioCam MRm
camera. The photoluminescence spectra in figure 1(d)
was acquired with a Leica microscope using a
50 x objective and 488 nm laser excitation in the back-
scattering configuration. Extended mode acquisition
was used with one acquisition of 10's, while using a
laser power of 16 uW at the sample surface. The
regions of one TL, two TLs, three TLs, and bulk WSe,
are indicated and, as the number of TLs increases, the
luminescence contrast diminishes. Figure 1(d) illus-
trates the remarkable difference between the photo-
luminescence signal from the one TL and from the
bulk regions. The main feature of one TL in figure 1(d)
is due to the direct transition that occurs between the
valence and the conduction bands at the K point of the
Brillouin zone.

Second harmonic generation. Figure 1(e) shows the
SH image obtained by a raster scan of the few-layer
WSe, sample. A Ti:sapphire laser (KM Labs) with a
central wavelength at 816 nm and a repetition rate of
88 MHz was focused on the sample through a long
working distance objective lens (Mitutoyo 50 X, num-
erical aperture (NA) = 0.55). The schematics of the
homemade SHG microscope is shown in [19, 29]. The
SH signal was collected through the same objective
lens and was detected by a spectrometer (PI Action
25001 with a liquid nitrogen cooled charge coupled
device camera). The contrast in figure 1(e) shows that
the one TL location yields an intense SH signal, while
the signal from three TLs is less intense but still com-
parable to that of one TL. The two TL region of the
sample does not show a measurable signal. The bulk
region of the sample, however, shows some observable
SH signal. The SHG of the SiO,/Si substrate is not
substantial for this measurement (SiO,/Si has been
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Figure 1. Optical characterization of a WSe, mechanically exfoliated sample sitting on top of a 300 nm SiO,/Si substrate. (a) Optical
image. The number of TLs in each region as well as in the bulk area are indicated. (b)) Raman spectra of one, two, and three TL samples,
as well as of the bulk sample shown in (a). The spectra of the three TLs and bulk samples were multiplied by factors of 7 and 15,
respectively, for clarity. (c) Luminescence image from the same WSe, sample as shown in (a). (d) Photoluminescence spectra acquired
from the one TL WSe; and from the bulk WSe,. (¢) A SH image from the same WSe, sample. (f) SH spectrum for WSe, one TL (blue),
and the fundamental laser spectrum (red). The pump laser is attenuated to show the unsaturated spectrum.
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reported previously to show no significant SH signal in
comparison to that from suspended samples [19]).
Also, the SiO,/Si substrate can modify the SHG signal
due to cavity effects in the SiO, layer between the
monolayer and the Si substrate, causing the SHG to be
overestimated by ~10% [29].

The presence (or absence) of a SHG signal is a fun-
damental consequence of the absence (presence) of
inversion symmetry in crystals under the dipole
approximation [17, 18]. The inversion symmetry is
broken for an odd number of layers (in this case, the

one TL and three TLs). An odd number of layers
belongs to the D}, space group (which lacks the inver-
sion symmetry operation), and thus the one TL and
three TL samples show an intense SH signal (see
figure 1(e)). For the even number of layers, WSe,
belongs to the D3, space group, the inversion sym-
metry operation is present and, as a consequence, two
TL WSe, does not show SHG. This is a powerful sym-
metry argument since it probes the inversion sym-
metry based on SHG considerations. For example, the
one T-WSe, (WSe, in which the transition metal W

3
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Figure 2. Plot of the SHG signal power as a function of the
input power for the regions indicated in figure 1(e). The inset
shows the same data on a logarithmic scale.
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atoms have octahedral coordination with the chalco-
gen Se atoms [4, 5]) must show no SHG since both
N-odd and N-even few layers belong to the space
group for which the inversion symmetry is pre-
sent [5, 26].

Figure 1(f) shows the SH spectrum of the WSe,
one TL (blue) and the fundamental laser spectrum (in
red), showing the frequency doubling effect. Since the
SHG is a nonlinear second-order process, the SH sig-
nal intensity is a quadratic function of the input laser
intensity. To verify whether or not the emission
observed in the bright regions is due to a genuine SH
signal, we plot the quadratic dependence, as shown in
figure 2, relating the detected average SHG power
(Psuc) and the input average power (Pjnpy). The inset
in figure 2 with a logarithmic scale shows a quadratic
power dependence. The linear fit of the form
log(Psyg) = a + b - 1og(Piyput) gives the coefficient
b= (218 £ 0.04) for one TL, (2.18 £ 0.03) for
three TLs, and (2.33 + 0.05) for a bulk specimen.
These values confirm the observation of SHG for
N = 1, 3, where N denotes the number of layers.

Using the approach previously outlined in [19],
the SHG signal is calculated using the Green’s function
of anonlinear sheet source. In our theoretical model, a
fundamental plane wave beam is focused by an objec-
tive lens to pump the WSe, sheet, generating a SHG
signal. This SHG signal is epicollected by the same
lens. The SHG signal generated by the semi-infinite
substrate is ignored, which is justified by the negligible
SHG power collected from the substrate (figure 1(e)).
The surface second-order nonlinear susceptibility X?)
can be estimated in terms of the average power P;
(i=1 for the fundamental and i = 2 for the SH pulse),
the pulse repetition rate (R =88 MHz), pulse width
(t=107 fs), and wavelength (), = 816 nm for the
fundamental and A, = 408 nm for the SH frequency),
the refractive index n; (n; = 1.45 for the refractive
index of the substrate at A}, and n, = 1.46, for \,) and
the numerical aperture (NA) of the lens (NA = 0.55),

cos?(30) Fit

Figure 3. Polarized SHG response of the WSe, monolayer.
Blue circles represent the measured SHG signal at the rotated
polarization. The solid red curve represents the theoretical
cos?(30) plot.

Eoc)\%Pthlz(nz + 1)2(n1 + 1)4

@ = , (D
Xs 32(NA)2t, PP

where

o= 87rf1|cos’1p — pJ1 — p?JPp dp =~ 3.53 [19].
The effechve bulk-like second-order susceptibility
(degp) is calculated using the relation d.g = ng) / 2T,
where T is the thickness of the one TL WSe, (T = 0.7
nm), and de = 5nm/V is obtained for a WSe,
monolayer. For WS, one TL, def = 4.5nm/V
(T = 0.65 nm) [19]. Due to the intense nonlinear
response, it was possible to observe the SH signal for
an input average power as low as 0.2 mW.

The polarization dependence of the SHG signal is
sensitive to crystal orientation and reveals the crystal
symmetry. The polar plot of the SHG intensity of
monolayer WSe, is shown in figure 3. In this experi-
ment, the polarization of the incident light was rotated
while the sample was kept in its position. For mono-
layer WSe, (D}, space group), the nonzero elements of
the second-order nonlinear susceptibility tensor are
dye = —dyy, = —d,x = —d,, (x is the armchair direc-
tion, and y is the zigzag direction). This leads to a polar-
ized SHG power distribution proportional to cos?(36)
as can be seen in figure 3. One important aspect to be
emphasized when working with new 2D materials is the
crystallographic orientation of the crystal. In particular,
for 2D heterostructures and for strain engineering and
applications that are dependent on the edge atomic
structure, the properties under scrutiny can be aniso-
tropic [30, 31], and SHG measurements provide a reli-
able technique to find the crystal orientation in samples
that do not have inversion symmetry.

In [20], low temperature (T = 4 K) and multiple
wavelengths (from 1.7 to 2.4 eV) were used to acquire
data for monolayer WSe, in which variations of 3

4
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orders of magnitude in SHG intensity were detected at
exciton resonances. The SHG measurements acquired
in the present work were performed using a single
wavelength and outside the range addressed by [20].
From this fact, it is possible that even higher values of
degs can be found when resonance conditions are
achieved as a result of probing the laser energy
dependence. A similar situation was found in [19], in
which calculations of the nonlinear susceptibility
of monolayer WS, as a function of photon energy
predicted resonance effects.

3. Summary

To summarize, table 1 shows the values of the second-
order nonlinear susceptibility (deg) found for some
TMDs showing one TL regions, including the value of
degr for WSe, reported in the present work. The d.g
values for one TL WSe, are three orders of magnitude
larger than that for commonly used nonlinear crystals.
Raman spectroscopy and photoluminescence were
used to support the sample identification. The effective
second-order nonlinear susceptibility value of
degr ~ 5nm/V was obtained for monolayer WSe,.
The reduced thickness of one TL WSe, together with
its high SHG opens the possibility of using one TL
TMDs for highly efficient and dimension-reduced
nonlinear devices [29].
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