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ABSTRACT

Strong geometrical confinement and reduced dielectric screening of two-dimensional (2D) materials leads to strong Coulomb
interaction and eventually give rise to extraordinary excitonic effects, which dominates the optical and optoelectronic properties.
For nonlinear 2D photonic or optoelectronic applications, excitonic effects have been proved effective to tune the light-matter
interaction strength. However, the modulation of excitonic effects on the other aspect of nonlinear response, i.e., polarization
dependence, has not been fully explored yet. Here we report the first systemic study on the modulation of excitonic effects on the
polarization dependence of second and third harmonic generation (SHG and THG) in strained monolayer WS, by varying
excitation wavelength. We demonstrated that polarization-dependent THG patterns undergo a giant evolution near two-photon
excitonic resonance, where the long-axis of the parallel component (originally parallel to the strain direction) has a 90° flip when
the excitation wavelength increases. In striking contrast, no apparent variation of polarization-dependent SHG patterns occurs at
either two- or three-photon excitonic resonance conditions. Our results open a new avenue to modulate the anisotropic nonlinear
optical response of 2D materials through effective control of excitonic resonance states, and thus open opportunity for new designs
and applications in nonlinear optoelectronic 2D devices.
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breaking the limitation of weak conversion efficiency due to

1 Introduction atomically thin light-matter interaction length. In addition to

Nonlinear optics is an essential part of modern optics and
plays a crucial role in various optical applications including
ultrafast pulse laser generation, optical parametric generation/
amplification, optical switches, optical modulators and so
forth [1-3]. Nowadays, the increasing development trend of
miniaturization and on-chip integration of photonic devices
implies high demand on new nonlinear medium with strong non-
linearity even at small size [4-6]. The rising two-dimensional
(2D) materials provide a novel platform to study numerous
nonlinear optical effects due to large nonlinear susceptibility,
ultrafast recovery time and large optical/thermal damage
threshold [7-12]. From desirable application point of view, it
is a prerequisite to effectively tune and modulate the nonlinear
optical response of 2D materials.

There are two dimensions of modulation on the nonlinear
optical response of 2D materials: nonlinearity enhancement
and polarization dependence. The former issue devotes to

conventional waveguide integration, plasmonic enhancement
and optical resonator, the strong Coulomb interaction due
to strong geometrical confinement and reduced dielectric
screening in low dimensions adds a new freedom: strong
excitonic effects [13-20]. The underlying mechanism is that the
magnitude of nonlinear susceptibility could be dramatically
enhanced when the exciton state is coincident with intermediate
states in the nonlinear optical process. As for the modulation
of polarization dependence for anisotropic nonlinear optical
applications, the cornerstone is that polarization dependence
usually relies on crystallographic symmetry of 2D materials [21,
22]. Therefore, symmetry-related methods are wildly utilized,
such as crystallographic orientation, interlayer stacking order,
phase transition and strain tensor [23-27]. However, the
majority of works to date mainly specializes only one aspect of
modulation. It is well known that excitonic effects dominate the
optical and optoelectronic properties of 2D semiconducting

Address correspondence to khliu@pku.edu.cn

TSINGHUA
2 UNIVERSITY PRESS

@ Springer

o
0
t
<
<
8]
—_
@
L)
)
o)
o




2

materials. Therefore, the impact of unique excitonic effects in
2D materials on the other aspect, i.e., polarization dependence
of nonlinear response, should not be ignored and need to be
fully explored.

In order to experimentally reveal the regulation of excitonic
effects on the polarization dependence of nonlinear optical
response, the 2D material should satisfy the following
requirements: (i) strong excitonic effects; (ii) a proper optical
bandgap for easily achieving excitonic resonance; (iii) more
than one independent non-zero element in the nonlinear
susceptibility tensor to guarantee that each element could freely
vary with excitation wavelength. Therefore, strained monolayer
tungsten disulfide (WS.) should be the optimal candidate due
to suitable direct optical bandgap and large second/third
order nonlinear susceptibilities [28—-31]. In addition, the uniaxial
tensile strain reduces the crystallographic symmetry and
eventually breaks the constraint between susceptibility tensor
elements [25, 26].

In this work, we report a systemic study of excitonic effect on
the polarization-dependent second/third harmonic generation
(SHG/THG) patterns of strained monolayer WS, through
different excitation wavelength. We find that THG goes through
a dramatic pattern evolution around two-photon excitonic
resonance. In particular, the long-axis of the parallel component,
which has an obvious correspondence with strain direction, has
a 90° flip; the long-axis and short-axis of the perpendicular
component interchange with each other. Nevertheless, SHG
patterns seem more robust and do not show apparent
variation with excitation wavelength. Therefore, our results
demonstrate that excitonic effects have a significant modulation
on polarization dependence of THG response. From a
characterization point of view, the excitonic effects should be
carefully taken into consideration when employing nonlinear
optics to unveil symmetry-related properties. Moreover, our
results also provide a novel perspective to tune anisotropic
nonlinear optical response of 2D materials through effectively
modulating the excitonic resonance state, which would facilitate
new applications based on 2D materials in the future nonlinear
optoelectronic devices.

2 Experimental

21 CVD growth of monolayer WS: flakes

Chemical vapour deposition (CVD) method was used to grow
monolayer WS; flakes on SiO»/Si substrate. The precursors WO
powder (10.0 mg) and NaCl powder (1.5 mg) were placed in
quartz boat at center of the tube furnace. S powder (30.0 mg)
was placed at the upstream while the substrate was placed
upon the quartz boat at the downstream of the CVD system.
The procedure is as follows: keep at 105 °C with 500 sccm Ar
flow for 1 h, ramp to 800 °C with 15 sccm Ar flow in 50 min,
keep at 800 °C with 250 sccm Ar flow for 10 min, and then
naturally cool down to room temperature. To apply uniaxial
tensile strain onto monolayer WS, flakes, the samples were
transferred onto the flexible Acrylic substrate using a polymethyl
methacrylate (PMMA)-assisted transfer method.

2.2 Nonlinear optical characterization.

Femtosecond pulse laser at 800 nm (~ 100 fs, 76 MHz) is
generated by a Ti: sapphire oscillator (Coherent Mira-HP).
Equipped with an optical parametric oscillator (Coherent
Mira-OPO-X), signal beam (1,000-1,600 nm) and idler beam
(1,750-4,000 nm) could be used to excite monolayer WS..
With normally incident configuration, the linear polarization
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of excitation beam is controlled by a half-wave plate in front of
the objective (40x, N.A.= 0.65). In reflection geometry, a linear
analyzer parallel (perpendicular) to the incident polarization
is utilized to extract the parallel (perpendicular) component
II(I*) of SHG/THG generated from the sample. In the end,
SHG/THG pattern is obtained by a grating spectrograph with
CCD (Princeton SP-2500i) to record the SHG/THG intensity
as a function of polarization angle.

3 Results and discussions

3.1 Basic optical properties of monolayer WS:

Spectroscopy approaches provide a versatile tool for in-depth
characterization of our high-quality CVD grown monolayer
WS; (Fig. 1(a)). In Raman spectrum, the characteristic in-plane
vibration E;, mode ~ 356 cm™ and out-of-plane A,, mode
~ 417 cm™ provide a structural fingerprint to identify the
monolayer WS, (Fig. 1(b)). The pronounced peak ~ 622 nm in
photoluminescence (PL) spectrum corresponds to A-exciton
and indicates the direct optical bandgap of monolayer WS,
(Fig. 1(c)). SHG/THG is a nonlinear optical process in which
two/three incident photons (w, A) are converted to a single
new photon (2w, A/2)/(3w, A/3) through nonlinear interaction
with a material. In our experiment, under excitation of a
normally-incident linearly-polarized pulse laser ( A,, = 1,200 nm/
1,240 nm), both SHG (600 nm/620 nm) and THG (400 nm/
413 nm) signal from monolayer WS; could be collected in
reflection geometry (Fig. 1(d)). Obviously, the SHG/THG
intensity is significantly enhanced around the two-photon
excitonic resonance (A, = 1,240 nm) due to two-photon
excitonic resonance. That is, SHG/THG conversion efficiency or
the effective nonlinearity of monolayer WS, could be strongly
modulated by excitonic resonance. In the following, to reveal
the impact of excitonic on the polarization dependence of
nonlinear optical response, SHG/THG patterns under different
excitation wavelength are systemically studied.
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Figure 1  Optical response of monolayer WS,. (a) Optical image of monolayer
WS.. The scale bar is 15 um . (b) Raman spectrum of monolayer WS, with
two characteristic peaks E;, mode ~ 356 cm™ and A,, mode ~ 417 cm™.
(c) PL spectrum of monolayer WS,. The PL peak at ~ 622 nm indicates
the direct optical bandgap. (d) Nonlinear optical response SHG/THG
of monolayer WS; at different excitation laser wavelength. The sharp
peak centered at 600 nm/400 nm or 620 nm/413 nm is SHG/THG signal
under 1,200 or 1,240 nm excitation. The THG signal is scaled up by a
factor of 5.
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3.2 Symmetry description of polarization-dependent
SHG/THG patterns of intrinsic and strained monolayer
WS:

In our experiment, when a fundamental laser beam w has a
nonlinear interaction with monolayer WS,, the generated SHG/
THG intensity could be expressed as

2

I(nw) = (1)

where x™ is the second/third (n = 2/n = 3) order nonlinear
optical susceptibility of monolayer WS,, ¢, = (—sing cos¢)
is the unit polarization vector of incident light, ¢ is the incident
light polarization angle relative to armchair direction, e, is the
unit polarization vector of the generated SHG/THG (n = 2/n = 3)
signal. When e,, = (—sing cos¢) ore,, = (cosp sing), the
parallel or perpendicular component of the polarization-
dependent SHG/THG patterns could be obtained. Due to the
normal incidence along c-axis, all components in x™ that
contain an out-of-plane ¢ term are set to zero since they do
not contribute to the final SHG/THG response:

A (n)An
enu)X eu)

X(z):[Xm Xaab  Xaba  Xabb
lea Xbab Xbba Xbbh

3) _ [Xaaau Xauub Xaubu Xubuu qubb Xabah Xubbu Xubbb
Xvaaa  Xvaab ~ Xvaba ~ Xvbaa  Xvabb  Xovab  Xvvba  Xovbb

)
where a and b represent the in-plane zigzag and armchair
direction, respectively. Therefore, the polarization-dependent
SHG/THG patterns has the following form:

I!w = | _XaaaSins(P + (ZXaab + Xbaa )Sil’lz(pCOS(p -
(X + 2X1a)5I0PCOS’Q + 0879 [

L, =| XpaaSin'p + (Xmm =2 Xt )Sin2¢cos¢ n ‘
(ot = 2Xaa)SINPCOSP + X1y,cO8° [

1hw)

3

Ly = XaaaaSI0'® = (3Xaap + Xpasa )SIN°PCOSQ +
(3Xaats T 3 Xoaas ) SIN*PCOS’Q — ,
(Xavos + 3Xoars )SINPCOS’P + x,c08°9
Ly =~ XpaaaSin'e + (3)(1,,,,,;, — Xaaaa )Sin3gocosgo +
(3Xaaas = 3Xoats )SiN*pCOS’p + 3)
Kobbp — 3 Xaarp)SINPCOS P + ¥ ,pppc08*0 [

Intrinsic monolayer WS, belongs to non-centrosymmetric Ds
crystallographic point group. Hence the ! tensor could be
further simplified according to crystallographic symmetry and
permutation symmetry [21, 22]. ¥ and y{}) tensor elements
are totally determined by one independent variable respectively:
Xooo = ~Xoas = Xaab = Xata =A 5 Xasaa = Xoowo = Xaaro +
Xavas + Xavba = Xobaa + Xoaba + Xvay = B . Finally, polarization-
dependent SHG/THG patterns of intrinsic monolayer WS, are
given by

I)

int

Il

int

(2w)=|Acos3g|", I (20)=]|Asin3g[";

(3w)=B*, I (3w)=0. (4)

As expected, the parallel/perpendicular component of
polarization-dependent SHG exhibits six-fold rotational symmetric
pattern, and the maximum has a one-to-one correspondence
with armchair/zigzag direction of monolayer WS, (Figs. 2(a)—
2(c)). The generated THG signal has the same polarization as
incident light so that polarization-dependent THG only has the
parallel component, which exhibits a perfect circle (Figs. 2(d)
and 2(e)). Obviously, since non-zero elements in 2’ or .3
tensor are constrained by the only one independent variable A
or B, SHG/THG patterns do not rely on excitation wavelength
and always possess the same mode.

To find the relationship between polarization-dependent
SHG/THG patterns and excitation wavelength, uniaxial tensile
strain ~ 0.9% is applied onto monolayer WS; to break the
three-fold rotation symmetry as well as mirror symmetry

13 2w)

15(3w) I 3w)

Figure 2 Polarization-dependent SHG/THG patterns of intrinsic and strained monolayer WS,. (a) Schematic diagram of polarization-dependent

SHG/THG from monolayer WS,. ¢,

®

is the polarization direction of linear excitation laser in lab coordinates. 6 is the polarization angle of ¢, from

the horizontal direction. Uniaxial tensile strain ¢ is always along horizontal direction. (b) and (c) Parallel component (b) I)(2w) and perpendicular
component (c) I; (2w) of polarization-dependent SHG pattern from intrinsic monolayer WS,. The excitation pulse laser wavelength is ~ 1,290 nm
and w is corresponding light frequency. (d) and (e) Parallel component (d) I}(3w) and perpendicular component (e) I, (3w) of the polarization-
dependent THG pattern from intrinsic monolayer WS.. (f) Schematic diagram of strain apparatus and uniaxial tensile strain & ~ 0.9% could be applied
to monolayer WS, by bending the flexible substrate. (g) and (h) Polarization-dependent SHG/THG patterns (g) I‘e‘ w), (h) I; 2w), () I,‘,‘(Bw) , () I Bw)

from strained monolayer WS,.
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about bc plane (Fig. 2(f)). The crystallographic point group
is reduced to Cin so that all elements in y{2, or y2) tensor
becomes non-zero as shown in Eq. (2) and no constraint between
them exists. Therefore, the polarization-dependent SHG/THG
patterns of strained WS, follows Eq. (3): SHG patterns I)(2w)
and I; (2w) deform into six asymmetric petals (Figs. 2(g) and
2(h)); while THG patterns shows anisotropy: the long-axis of
I)(3w) indicates strain direction and Ij (3w) stretches out
four asymmetric petals [26].

3.3 SHG/THG pattern evolution of strained monolayer
WS: under different excitonic resonance states

As we shall see in the following, although excitonic effects never
change the crystallographic symmetry of strained monolayer
WS, (Cin point group), polarization-dependent SHG/THG
patterns are remarkably modulated by excitation wavelength
due to excitonic resonance. Uniaxial tensile strain also perturbs
the band structure of monolayer WS, and leads to the reduction
of optical bandgap (~ 662 nm, Fig. S1 in the Electronic
Supplementary Material (ESM)). Figure 3 summarizes
polarization-dependent SHG/THG patterns around two-photon
excitonic resonance when the two-photon energy of excitation
wavelength A, = 1,310 nm/1,330 nm/1,350 nm is larger than/
comparable to/smaller than the optical bandgap. The SHG
patterns Ij(2w) (Figs. 3(b), 3(g), and 3(1)) and I; (2w)
(Figs. 3(c), 3(h), and 3(m)) always have the same polarization
dependence regardless of the excitation wavelength. On the
contrary, it is striking that polarization-dependent THG
patterns have a dramatical evolution. The 12(3(0) pattern
has a dumbbell shape with long-axis along strain direction
(Fig. 3(d), A, = 1,310 nm). However, it deforms into a bow-
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tie shape around two-photon excitonic resonance (Fig. 3(i),
Ao = 1,330 nm) and finally gets back to the dumbbell shape
but the long-axis has a 90° flip (Fig. 3(n), A, =1,350 nm).
The Iy (3w) pattern also undergoes an obvious evolution:
the long-axis and short-axis of the asymmetric four-petal
pattern interchange with each other (Figs. 3(e), 3(j), and 3(0)).
Furthermore, when the excitation wavelength continues to
be longer even to three-photon excitonic resonance (A, =
1,780 nm/1,924 nm/ 1,990 nm), both polarization-dependent
SHG and THG modes no longer change (Fig. 4 and Fig. S2 in
the ESM). Limited by the available excitation wavelength,
strained MoSe: (optical bandgap ~ 800 nm) is chosen to
investigate one-photon excitonic resonance, and SHG patterns
keep the same polarization dependence (Fig. S3 in the ESM).
In summary, only giant THG pattern evolution of strained
monolayer WS; is observed at two-photon excitonic resonance.
From a qualitative point of view, since the second/third
order nonlinear susceptibility of intrinsic monolayer WS, has
only one independent variable A or B, polarization-dependent
SHG/THG patterns are supposed to remain unchanged even
if the magnitude of A or B varies due to different excitonic
resonance. When uniaxial tensile strain reduces crystallographic
symmetry of monolayer WS;, the constraint between nonlinear
susceptibility tensor elements is broken, and the variation of
each tensor element magnitude could be different. As a result,
it is normal to observe variation in SHG/THG polarization
behaviors. On the one hand, excitonic resonance usually
leads to dramatically enhancement of magnitude of nonlinear
susceptibility in a narrow band [14-17]. Therefore, the relative
change of susceptibility tensor elements is more likely to be
magnified around excitonic resonance. As a result, the giant
pattern evolution of nonlinear optical response only occurs at

(@

13 (3w)
(@
I (Bw)
(@

13 Bw)

Gw)

Figure 3 Polarization-dependent SHG/THG patterns of strained monolayer WS, around the two-photon resonance. (a) Schematic of SHG/THG
process in strained monolayer WS, when two-photon energy of the excitation light (A, = 1,310 nm) is larger than the optical bandgap of strained
monolayer WS,. Two horizontal lines represent conduction band minimum (CBM) and valence band maximum (VBM) of strained monolayer WS,,
respectively. The yellow, orange and blue arrows indicate the excitation light (w) and generated SHG signal (2w) and THG signal (3w). (b)—(e) Polarization-
dependent SHG/THG patterns (b) I‘e‘(Zw) ,(©) I Qw) , (d) Ig(3w) , () I} (3w) of strained WS; as shown in (a). ()—(0) Polarization-dependent SHG/THG
patterns of strained WS: (f)—(j) near two-photon resonance ( A, = 1,330 nm) and (k)—(o) the two-photon energy of excitation light ( A,, = 1,350 nm) is

smaller than the optical bandgap.
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Figure 4 Polarization-dependent THG patterns of strained monolayer
WS: around the three-photon resonance. (a) Schematic of SHG/THG
process in strained monolayer WS, when three-photon energy of the
excitation light (A, = 1,780 nm) is larger than the optical bandgap of
strained WS,. (b) and (c) Polarization-dependent THG patterns (b) I, ,! Bw),
(o I GL (Bw) of strained WS, as shown in (a). (d)—(i) Polarization-dependent
THG patterns of strained monolayer WS, ((d)—(f)) near three-photon
resonance ( A, = 1,924 nm) and ((g)—(i)) the three-photon energy of the
excitation light ( A,, = 1,990 nm) is smaller than the optical bandgap.

excitonic resonance. On the other hand, the third-order
nonlinear susceptibility is a four-rank tensor which has more
independent variables than that in the three-rank second-order
nonlinear susceptibility tensor. Hence compared with SHG, it
is reasonable that THG is more sensitive or has more
possibility than SHG to undergo the evolution of polarization
dependence near excitonic resonance. Here, we note that the
ab-initio theory for understanding the specific nonlinear
pattern evolution around excitonic resonance is still lacking.
Our experimental study might provide powerful reference and
evoke the further development of theoretical study of excitonic
effect on the nonlinearity of 2D materials to unveil the
underlying microscopic mechanism.

4 Conclusions

In summary, we demonstrate that excitonic effects have a
significant modulation on polarization dependence of nonlinear
response of strained monolayer WS; by excitation wavelength
covering both two-photon and three-photon excitonic
resonance conditions. SHG patterns stay almost unchanged
regardless of excitation wavelength, guaranteeing the
robustness of polarization-dependent SHG as a symmetry
characterization method. In comparison, THG patterns are
strongly dependent on the excitation wavelength, and go
through a giant evolution near two-photon excitonic resonance.
For future crystallographic symmetry characterization, our
results indicate that excitonic effects should be carefully
accounted for to avoid incorrect determination of related
properties when using polarization-dependent nonlinear
optical method. From a prospective point of view, our results
not only exploit a novel approach to modulate anisotropic
nonlinear optical response of 2D materials through effectively

5

tuning the resonance state, but also accelerate new designs
and applications in the future nonlinear optoelectronic devices
based on the wide range of 2D materials.
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