Original Article

2022, Vol. 5, No. 7

Opto-Electronic

Advances

DOI: 10.29026/0€a.2022.200097

Dual bound states in the continuum enhanced
second harmonic generation with transition
metal dichalcogenides monolayer

Peilong Honge'*, Lei Xu®?* and Mohsen Rahmanie?

The emergence of two dimensional (2D) materials has opened new possibilities for exhibiting second harmonic genera-
tion (SHG) at the nanoscale, due to their remarkable optical response related to stable excitons at room temperature.
However, the ultimate atomic-scale interaction length with light makes the SHG of Transition Metal Dichalcogenides (TM-
Ds) monolayers naturally weak. Here, we propose coupling a monolayer of TMDs with a photonic grating slab that works
with doubly resonant bound states in the continuum (BIC). The BIC slabs are designed to exhibit a pair of BICs, reson-
ant with both the fundamental wave (FW) and the second harmonic wave (SHW). Firstly, the spatial mode matching can
be fulfilled by tilting FW's incident angle. We theoretically demonstrate that this strategy leads to more than four orders of
magnitude enhancement of SHG efficiency than a sole monolayer of TMDs, under a pump light intensity of 0.1 GW/cm?2.
Moreover, we demonstrate that patterning the TMDs monolayer can further enhance the spatial overlap coefficient, which
leads to an extra three orders of magnitude enhancement of SHG efficiency. These results demonstrate remarkable pos-
sibilities for enhancing SHG with nonlinear 2D materials, opening many opportunities for chip-based light sources, nano-
lasers, imaging, and biochemical sensing.
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Introduction minescence, and small Bohr radii. These characteristics

enable a strong excitonic response at room

Two-dimensional (2D) materials consist of a single layer

of atoms of crystalline materials. Beyond graphene, the temperature*’. Moreover, TMDs monolayers are inher-

most famous 2D material, over 700 other 2D materials
have been recently explored and introduced for a wide
range of electrical, mechanical, thermal, and optical ap-
plications'. For optical applications, monolayers of trans-
ition metal dichalcogenides (TMDs) have attracted signi-
ficant attention due to their direct bandgap, strong lu-

ently noncentrosymmetric, showing very high second-
order nonlinear susceptibility**. However, because of the
intrinsic atomic thickness, the conversion efficiency of
the second harmonic generation (SHG) with TMDs
monolayer is naturally low, bringing their practical ap-

plications into the bottleneck. To enhance the SHG

'School of Optoelectronic Science and Engineering, University of Electronic Science and Technology of China (UESTC), Chengdu 611731,

China; 2Advanced Optics & Photonics Laboratory, Department of Engineering, School of Science & Technology, Nottingham Trent University,

Nottingham NG11 8NS, UK.

*Correspondence: PL Hong, E-mail: plhong@uestc.edu.cn; L Xu, E-mail: lei.xu@ntu.ac.uk
Received: 21 December 2020; Accepted: 11 March 2021; Published online: 25 June 2022

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
BY To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

The Author(s) 2022. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

200097-1


https://doi.org/10.29026/oea.2022.200097
http://orcid.org/0000-0003-2332-9311
http://orcid.org/0000-0001-9071-4311
http://orcid.org/0000-0001-9268-4793
https://doi.org/10.29026/oea.2022.200097
http://orcid.org/0000-0003-2332-9311
http://orcid.org/0000-0001-9071-4311
http://orcid.org/0000-0001-9268-4793
http://creativecommons.org/licenses/by/4.0/.

Hong PL et al. Opto-Electron Adv 5, 200097 (2022)

https://doi.org/10.29026/0ea.2022.200097

efficiency of TMDs materials, their integration with vari-
ous resonant nanostructures has appeared as a prom-
ising approach. One of the candidates is metallic nano-
structure, whose free-electrons can couple with the in-
coming electromagnetic radiation to generate surface
plasmons. Plasmonic nanostructures have been em-
ployed to enhance SHG with TMD monolayers'*-2.
However, high ohmic losses and low damage thresholds
of plasmonic structures have limited the advances in this
direction. Subsequently, dielectric nanostructures with
high refractive indices were developed by using materi-
als with low optical losses, and thereby have been used as
an alternative platform to enhance SHG of TMDs mono-
layers'*-'. Particularly, the recently explored bound state
in the continuum (BIC)'*' in high-refractive-index ma-
terials has emerged as a promising playground for en-
hancing SHG with 2D nonlinear materials.

A BIC can be understood as a state that coexists with
the extended wave but does not radiate into the con-
tinuum space. It was initially proposed by von Neumann
and Wigner in 1929, and recently has received signific-
ant interest in optics for both fundamental and practical
reasons'®!. The BIC can support extremely high quality
factors (theoretically infinite), leading to high confine-
ment of electric field. An ideal BIC does not couple into
free space but can be easily overcome by slightly chan-
ging structural parameters. It is also called quasi-BIC,
thereby offering an unprecedented platform for nano-
photonic research and applications. BICs or quasi-BICs
have been employed for lasing*?°, SHG**, third har-
monic generation®, nonlinear exciton-polariton effect™,
nonlinear imaging®!, etc. Recently, BIC has been em-
ployed for enhancing SHG via a heterostructured
photonic slab. Such a slab was designed to exhibit BIC in
the second harmonic wave (SHW), while the fundament-
al wave (FW) is resonant with a normal photonic
bandgap cavity mode®?. This design has demonstrated an
enhanced SHG, compared with a homogeneous bulk
nonlinear material®. It is worth noting that recent stud-
ies have also demonstrated that the BIC can significantly
enhance SHG with TMDs monolayer****. However, these
studies have designed BIC to be resonant with FW.

In this work, we propose a dual BICs scheme for en-
hancing SHG of integrated TMDs monolayer, i.e.,
matching both FW and SHW with a pair of BICs, con-
currently. The BIC pair is achieved in a photonic grating
slab and is classified as TE-type BIC (resonant with FW)
and TM-type BIC (resonant with SHW). We chose GaP

as the grating material since GaP is of high refractive in-
dex and negligible absorption in a broad spectral win-
dow covering near-infrared to the visible range. To
match the modes spatially, which is crucial for enhan-
cing SHG via the dual BICs scheme, we have considered
the following two approaches. The first approach is to tilt
the incident angle of FW when a homogeneous TMDs
monolayer is placed on top of the grating slab. This
strategy allows dual BICs scheme to enhance SHG, signi-
ficantly. Second, we show that patterning the TMDs
monolayer can even further reinforce the spatial overlap
coefficient, which leads to extra enhancement of SHG.
With these strategies together, we can enhance the sys-
tem's SHG efficiency up to > 4 x 107 folds compared to a
monolayer of TMDs with pump light of intensity 0.1
GW/cm?. We believe that our approaches offer new pos-
sibilities in practical applications with TMDs and other
2D nonlinear optical materials.

Scheme and theoretical analysis

To generate a pair of BICs, we consider a photonic grat-
ing slab as shown in Fig. 1(a). The cell length (lattice
constant) is a, the grating strip's width is w, and the
thickness of the grating is t. For this nanostructure, there
are two kinds of BICs, i.e., the symmetry-protected BICs
located at I' (K,.= 0) and the destructive-interference in-
duced BICs at off I' (K,#0) position?-?2. Here we con-
sider a pair of symmetry-protected BICs, which are of
different polarizations. One is the TE-type BIC with the
electric field polarized along y direction, and the other is
the TM-type BIC with the magnetic field polarized along
y direction.

The differently polarized BICs are explored due to the
consideration of the second-order nonlinear susceptibil-
ity of the TMDs monolayer, which is*®

@  _ @  _ @  _ @  _ @
Xx’x’x’ == _Xx’y’y/ == _Xy’x’y’ — _Xy’y/x/ = X< ) , (1)

where x’ corresponds to the armchair direction of the
TMDs monolayer. In this work, we match the FW mode
to be resonant with the TE-type BIC, and the SHW mode
corresponds to the TM-type BIC. If the crystal axis of
TMDs monolayer (x, y’, z) is aligned with the grating
slab axis (x, y, z), the effective nonlinear susceptibility
Xffy), » =X} of the TMD monolayer plays the key role in
the dual BICs scheme. In this situation, the armchair dir-
ection of the TMDs monolayer is along the x axis shown
in Fig. 1(a). Consequently, y) plays the key role in the

scheme, and effective second-order polarizability is
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Fig. 1 | Photonic grating slab with a pair of BICs for enhancing SHG. (a) Photonic grating slab that contains TE-type and TM-type BICs. (b)

Spatial distribution of the electric field of TE and TM modes in a unit cell at Ky = 0, respectively. (c) Band structure of the target TE and TM

modes of the photonic grating slab with thickness t = 0.37 - a, respectively. (d) Kx dependent quality factor of the TE and TM modes shown in (c),

respectively.

P (2w,r) = ey - E, (w, 1) - E, (w,7) , )

xyy
where E(w, r) represents the electric field of the FW.

To make the pair of BICs meet the frequency match-
ing condition for SHG, we fix cell length a = 677 nm and
the width of grating strip w = 0.7a, and scan the thick-
ness t of the grating. We chose GaP as the grating mater-
ial, which is highly transparent in a broad spectral win-
dow from near-infrared to the visible regime. The target
wavelength of FW (TE mode) and SHW (TM mode) are
1560 nm and 780 nm, respectively, and the correspond-
ing refractive index of GaP is 3.05 for FW and 3.20 for
SHW?, respectively. The full wave simulation was done
with the COMSOL Multiphysics (See Supplemental in-
formation Section 1 for details). As an example shown in
Fig. 1(c), when thickness t reaches 0.37a, the frequency
of TE-type BIC is half of that of the TM-type BIC state at
K,=0.16K,, where K, = 2n/a. Meanwhile, the quality
factor of both TE and TM modes is also obtained, as
shown in Fig. 1(d). We see that the quality factor of both
TE and TM modes increases as the wave vector K, de-
creases, and diverges to infinite at K, = 0. This result
confirms that the TE and TM type BICs appear at K = 0.
Note that the diverging quality factor for BICs originates

from that the leakage of the light field from the grating
slab to free space is prohibited by the symmetry of the
system. As can be seen from Fig. 1(b), the spatial distri-
bution of BICs field in the slab is antisymmetric along x
direction, which will eliminate the outcoupling of BICs
into free space due to destructive interference. As a res-
ult, the light field is confined within the grating slab. Ad-
ditionally, with K} close to zero, the BIC is not ideal, but
with a limited coupling rate to the free space. Neverthe-
less, a high quality factor can be reached within a near
Ky = 0 regime.

To clearly show how the SHG efficiency is enhanced
in the dual BICs scheme, let us first recall the temporal
coupled mode theory that describes SHG with a pair of
resonant modes®>*’-*°. Assuming that A and B are the
amplitudes of the FW cavity mode and SHW cavity
mode, respectively, and F is the amplitude of incident

FW, then their mutual coupling can be described as**

T (iwy —y,)-A+g - F—iwpAB, (3)
dB
B f—p) Boiohh, @
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here w;jand y; (j = 1,2) mean the resonant angular fre-
quency, and the dissipation rate of the cavity mode, re-
spectively. g; demotes the coupling rate between the cav-
ity mode and freely propagating FW in the continuum,
and |g,|° = 2y™ by considering the time reversal and en-
ergy conservation according to the temporal coupled
mode theory. The last terms of both equations are en-
ergy transfer rates between the two cavity modes due to
optical nonlinear interaction. The coupling coefficients
B, =2B,*, and B, is expressed as

2 *
= 1 f T™MD dreoy f‘y;’ E.EyBy

ﬁZ 4 € € (5)
Jars By fdrs |E.

Now, considering the undepleted pump approxima-
tion, the amplitude of SHW cavity modes can be derived
as

wlﬂz . gIZF2

= Zw—a)z*iyz (w_wl_i))l)l

) (6)

then, the power of coupling-out SHW can be derived to
be

radw2 |ﬂ2’

|2w — W, — 1y2|

(y™)’P.?
‘w —w; — iy1’4
(7)

P, =2y3|B[ =

The relation P, = |F|? has been used in the derivation,
where P, denotes the power of incident FW.

By making the FW and SHW resonant with the pair of
BICs, i.e., w = w1, and 2w = w,, we can derive for obtain-
ing the result of dual BICs scheme as

2
@ 2
% _ 64 Xx)/)’ Q2Q1 P, . &ad (yiad)

I R ZTMD . 8
P, 50”“’ Y2 14! ®

2 20,w

In the above equation, ZIMP is the dimensionless over-

2w,w

lap coefficient of the paired BICs within the nonlinear
2D material region, expressed as

drE;*xElyEl},
Zoww = |V SO

j drsl|El| dre,|E,|°

Note that ¢;(j = 1,2) is the relative dielectric function of
the cavity material for the FW and SHW, respectively.
From Eq. (8), we see that besides the well-known incid-
ent power P, dependence, the SHG efficiency is propor-
tional to the quality factors of the cavity mode Q; (j =

1,2), the ratio of radiative rate to the total dissipation rate

of the two cavity modes y;ad / 7,( = 1,2), and the dimen-

sionless overlap coefficient Z})7. In the dual BICs
scheme, the quality factors Qi (j=1,2) are optimized.
There is no other dissipation channel for the cavities in

an ideal situation, and yi* / y;=1( = 1,2), then Z}J'7 is

the only parameter that needs careful consideration. But
in a real situation, absorption and scattering will cause

additional dissipation, and then y;ad / y; (j = 1,2), togeth-
er with Qjand Z;)'2, will contribute to SHG.

Simulation results and discussions

Now we consider integrating TMDs monolayer onto the
photonic grating slab. The selected TMDs monolayer is
WS, with thickness dws, = 0.618 nm, and its complex re-
fractive index can be extracted from experimental data in
the literature®, which is #y = 3.48 + 0.08i for FW
(~1560 nm) and 7y =3.85 + 0.20i for SHW (~780
nm). A direct way is to place the WS, monolayer on top
of the grating slab as shown in the inset of Fig.2(a).
However, when we look close to the spatial mode struc-
ture of the BICs shown in Fig. 1(b), due to the symmetry-
protected nature, the pair of BICs are of odd symmetry.
As a result, the spatial overlap coefficient Z)" will be
zero at Ky = 0, since E»(r) is odd symmetric while
(Ery(w, r))? is even symmetric.

To exploit double BICs for enhancing SHG, the zero
spatial overlap case should be circumvented. This can be
achieved by selecting quasi-BICs near K, =0 as the tar-
get cavity. Before evaluating the spatial overlap coefti-
cient Z;)"> between the paired quasi-BICs upon K,, we
need to find the doubly resonant condition at different
K. To achieve this goal, we first simulated by scanning
K, and t, and obtained a set of interpolated curves with
wtg Vv.s. t and wry v.s. t at different K. With the set of
curves, one can numerically get the value #;, that makes
wTg = wTMm/2 at specific Ky, i.e., the doubly resonant con-
dition. This result was further checked in a new full wave
simulation with ty, as the parameter. Through this pro-
cedure, we can get the structure parameter t,, that makes
the pair of quasi-BICs in resonances for enhancing SHG.

With the eigenmode solution through full wave simu-
lation at the doubly resonant condition, we calculate the
dimensionless overlap coefficient at different K, between
the TE and TM type quasi-BICs. The result is shown in

TMD 3
Z 2w,w

Fig. 2(a). As can be seen, increases quickly when K
leaves zero point, offering the possibility to enhance SHG
in the dual BICs scheme.

To confirm that the dual BICs scheme works in this
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ent spatial overlap coefficient ZIM° . (b) The Ky dependent SHG efficiency monitored at the reflected (top) and transmitted (bottom) side, respect-

20,0 "

ively. The blue star is a reference point for showing the SHG efficiency with a freely-standing WS, monolayer. The FW is incident from the top

side of the grating, and the intensity of FW is set to be 0.1 GW/cm?2.

case, the SHG efficiency P,,/P,, is obtained by employ-
ing a full wave simulation under the undepleted pump
approximation. In the simulation, a y-polarized FW is
launched from the top side of the grating, and the incid-
ent angle 0 is related to the wave vector K, by K = wrg/co
sin(6). The intensity of FW is set to be 0.1 GW/cm?2 We
monitor the power of SHW at the top and bottom sides
at the same time. Since the structure is mirror-symmet-
ric along x direction, we did a simulation for Ky along the
positive direction, expecting that similar results can be
obtained with K along the negative direction. The simu-
lation result of SHG efficiency is shown in Fig. 2(b). As
an example, the electric field distribution of FW and
SHW at K, = 0.01K, are shown in the Supplemental in-
formation Section 2. From the result, we see that the
SHG efficiency is quite low at K, = 0, and is at the same
order as that of freely standing WS, monolayer (0.46 x
101° with freely standing WS, with the same excitation
intensity). This is expected since light does not couple in-
to the BIC at this condition. However, SHG efficiency in-
creases rapidly when leaving K = 0 point, and reaches a
maximum value ~2 x 107° (> 4 x 10* times of that of
freely standing WS,). After that, the SHG efficiency de-
creases slowly as the incident angle increases to K, =
0.04K,. This result clearly shows that the dual BICs
scheme can work effectively for enhancing SHG with
TMDs monolayer.

To fully explore the potential of the dual BICs scheme,
we propose to pattern the TMDs monolayer to avoid de-
structive interference for the dimensionless overlap coef-

ficient shown in Eq. (9). We removed certain parts of the

TMDs monolayer, and in each unit cell, only kept a strip
TMDs monolayer of width 0.5w on top of the left-half

grating strip, as shown in the inset of Fig. 3(a). In this

'TMD
ZZw,w

way, can be enlarged significantly. To confirm this
result, we first find the doubly resonant condition at dif-
ferent K through the same procedure, as mentioned
above. Then, we calculate the spatial overlap coefficient

Z,)'" at different K, and the result is shown in Fig. 3(a).

'TMD
ZZa),w

Compared with the homogeneous case, in the pat-
terning case is increased up to ~100 times at K, = +0.01
K,. This high overlap factor is expected to boost the SHG
efficiency of WS, monolayer further.

To check the SHG enhancement, we did a full wave
simulation to obtain the SHG efficiency by launching a
y-polarized FW of 0.1 GW/cm? from the top side. Again,
we monitor the power of SHW at both the top and bot-
tom sides of the photonic grating slab. The result of SHG
efficiency is shown in Fig. 3(b), and the electric field dis-
tribution of FW and SHW at K, = 0.01K, are shown in
the Supplemental information Section 3. From the result,
we see that the SHG efficiency is significantly improved
as compared to that with a homogeneous WS, monolay-
er. The peak value of SHG efficiency reaches ~2 x 1073 (>
4 x 107 times of that of freely standing WS, monolayer)
at a negative incident angle. At a positive incident angle,
the enhancement factor is relatively lower, but the peak
value still reaches ~2 x 10, This asymmetric behavior of
SHG efficiency upon incident angle is related to mirror
symmetry breaking by employing a patterned WS,
monolayer on top of the grating slab (see Supplemental

information Section 4). It is precisely the same reason
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(b) The Kx dependent SHG efficiency monitored at the reflected (top) and transmitted (bottom) side, respectively.

The blue star is a reference point for showing the maximum SHG efficiency achieved in the case with homogeneous WS, monolayer. The FW is

incident from the top side of the grating, and the intensity of FW is set to be 0.1 GW/cm?2.

that enables light to be coupled in and out at Ky = 0, so
that the SHG efficiency is significantly improved at K,=
0, up to ~2 x 10°.

The SHG efficiency is limited by the intrinsic absorp-
tion of the WS; monolayer both at the FW mode and the
SHW mode. The intrinsic absorption of WS; leads to the
limited value of quality factor Q; (j = 1,2) (~24000 for
TE-type BIC, and ~4800 for TM-type BIC in the patter-
ing case). Therefore, the coupling coefficients ratio
y / ¥; (i = 1,2) contributes to the total SHG efficiency.
To further enhance high SHG efficiency, one can con-
sider spectrum range that is of low absorption, as well as
2D nonlinear materials of low absorption within the in-
terested spectrum range. The finite size of a real 3D
device will influence and lower the Q-factor due to the
lattice perturbations at the edge breaking the coherence
and leading to light scattering into free space. However,
numerical investigation shows that a grating of several
tens of unit cells can give rise to a high quality factor
close to the theoretical one (Supplemental information
Section 5). Besides, non-ideal fabrication of the photonic
grating in practice could introduce scattering losses,
which will affect the performance of BICs. Moreover, it
would be interesting to extend the dual BICs scheme to
other photonic systems for boosting SHG, and we have
summarized the general procedure of designing the dual
BICs scheme in Supplemental information Section 6.

It has been found that the polarization of SHG signal
can be changed by rotating the crystal orientation of
TMDs monolayer'~*%, due to the rich interference phe-
nomena caused by the specific nonlinear susceptibility

tensor of TMDs monolayer. Therefore, the polarization
of the SHG signals in the dual BICs scheme should be re-
lated to the crystal orientation of the TMDs monolayer.
We have investigated this effect by intentionally rotating
the orientation of the TMDs monolayer, and the polariz-
ation-resolved SHG signal indeed shows an orientation
angle dependence (See Supplemental information Sec-
tion 7 for detailed description and results).

Notably, GaP is a nonlinear optical material, and can
exhibit SHG under appropriate condition*~*, which has
been attracting a lot of attention in linear and nonlinear
nano photonics recently”’~*’. However, here we consider
GaP with its crystal axis corresponding to the axis (x, y,
z) in Fig.1 (a), and therefore, due to its specific nonlinear
susceptibility, GaP does not exhibit SHG under the in-
cident y-polarized (TE-mode) pump light, and works
only as a high refractive index linear material. In a relat-
ively different configuration, i.e., rotating the polariza-
tion of pump light to 90 degrees against y axis and scan-
ning the incident angle, GaP can exhibit SHG. In this
configuration, the SHG efficiency of GaP is shown in the
Supplemental information Section 8, and the maximum
efficiency is achieved at a relatively large incident angle
(>50 degrees), but is about 2 orders lower than that with
homogeneous WS, monolayer, and 5 orders lower than
that with patterned WS, monolayer.

Conclusions

In conclusion, we propose a dual BICs scheme to en-
hance SHG with TMDs monolayer. We have shown that
a photonic grating slab can be designed to work in the
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dual BICs regime, i.e., the FW and SHW are resonant
with the TE-type and TM-type BICs, respectively. To
fully exploit the advantages of the dual BICs scheme, we
have investigated strategies to overcome the limitation of
zero overlap coefficient for SHG. With a homogeneous
TMDs monolayer on top of the grating, we demon-
strated that the spatial overlap coefficient increases as K.
Subsequently, we managed to optimize SHG by tilting
the incident angle of FW, giving rise to > 4 x 10* times
enhancement at K, = £0.01K,, as compared to the free-
standing situation. Moreover, we showed that patterning
the TMDs monolayer can significantly improve the spa-
tial mode overlap coefficient, further boosting the SHG
in the dual BICs scheme. We showed that the maximum
SHG efficiency at the patterning case is ~10° times larger
than homogeneous TMDs monolayer at K, = 0.01K,.
And in total, the SHG efficiency reached > 4 x 107 times
enhancement compared with that with freely standing
WS, monolayer. These results offer new possibilities to
enhance SHG in practical applications with TMDs
monolayers, which opens new opportunities for nonlin-
ear optics with atomic thin 2D materials.
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