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Monolayer transition metal dichalcogenides (TMDs) are widely used for integrated optical and photoelectric devices.
Owing to their broken inversion symmetry, monolayer TMDs have a large second-order optical nonlinearity. However, the
optical second-order nonlinear conversion efficiency of monolayer TMDs is still limited by the interaction length. In this
work, we theoretically study the second harmonic generation (SHG) from monolayer tungsten sulfide (WS,) enhanced by
a silica microsphere cavity. By tuning the position, size, and crystal orientation of the material, second-order nonlinear
coupling can occur between the fundamental pump mode and different second harmonic cavity modes, and we obtain an
optimal SHG conversion efficiency with orders of magnitude enhancement. Our work demonstrates that the microsphere
cavity can significantly enhance SHG from monolayer 2D materials under flexible conditions.

Keywords: integrated optics, frequency conversion

PACS: 42.82.—m, 42.65.Ky

1. Introduction

Transition metal dichalcogenides (TMDs) are widely
used as building blocks for various optical systems due to their
significant optical properties.'l Some kinds of TMDs, such
as tungsten sulfide (WS;),?! molybdenum sulfide (MoS,),!**]
and tungsten selenide (WSe;),! have a large second harmonic
generation (SHG) response due to the symmetry breaking of
the crystal structure.!®”) An odd-layer 2H phase TMD can
generate a strong second harmonic,/®-19 and the intensity of
the SHG signal decreases as the number of layers increases. %]
The SHG from monolayer TMD is not limited by momentum
matching because of the much smaller thickness of the mono-
layer TMD than the pump and harmonic wavelengths.[®!!]
However, the thickness becomes a constraint for nonlinear
conversion efficiency because of limited interaction length.['!]

Furthermore, coupling TMDs with micro/nanostructures
can enhance SHG conversion efficiency. In this way, the
evanescent field confined by the micro/nanostructure can di-
rectly interact with the material. As an effective method, two-
dimensional materials are reported to be coupled with various
micro/nanostructures, such as Waveguides,m’13J fibers,[14-16]
and microcavities.[!'17-18] In addition, monolayer TMDs can
also be fabricated as microscale heterojunctions.!'®) In par-
ticular, two-dimensional materials coupled with cavity struc-
tures can increase the interaction with the electromagnetic
field, which can greatly enhance the photoluminescence, 211
Raman signal,[*?! and SHG.!'8] There are a variety of cav-
ity structures that have been used to enhance the cou-
pling strength between the two-dimensional material and
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the light field, including surface plasmon structures,?!-26]

microdisks,?”! microspheres,!!718:27 photonic crystals,?%2°]

metasurfaces, 30311

and photonic bound states in the
continuum. 32l Within these structures, the microsphere cav-
ity has the advantages of a high quality factor and easy
fabrication.['’l A research group reported the enhancement
of SHG from WS, by placing microspheres on monolayer
WS,.["8 However, the SHG conversion efficiency is still low,
and particularly the SHG conversion efficiency simultaneously
enhanced by microsphere cavity has not been studied in the-
ory.

In this work, we theoretically calculate the SHG conver-
sion efficiency of monolayer WS, deposited on the surface
of a silica microsphere. We study the cases in which the
pump and SHG signals both resonate with the cavity modes
in the SHG process. The wavelengths of the pump mode
are around 1550 nm and the wavelengths of the SH mode
are around 775 nm. Considering the cavity mode symme-
try, we study the second-order nonlinear coupling between the
fundamental pump mode and the different second harmonic
(SH) modes. Monolayer WS, can be deposited with different
positions, sizes, and crystal orientations on the microsphere,
which enables flexible mode to match with odd/even order or
different polarization directions. In our simulation, we the-
oretically obtain an optimized SHG conversion efficiency of
3.35% with 1 mW pump power under a typical quality factor
(1 x 10°). This result is three orders of magnitude higher than
the SHG conversion efficiency of monolayer WS, currently

reported. 33
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2. Model

In our work, monolayer WS, is deposited on the surface
of a silica microsphere, as shown in Fig. 1(a). The plane of the
blue dashed circle is the equatorial plane of the microsphere
cavity. The angle O represents the position of WS, relative
to the equatorial plane. A coordinate system is established
on the surface of the microsphere, where the x axis is in the
latitude direction, the y axis is in the longitude direction and
the z axis is in the normal direction of the microsphere sur-
face. The length of the material in the x direction is /, and
the length in the y direction is w. The monolayer WS, stud-
ied in this work belongs to the point group of Dj;, and the
schematic is shown in Fig. 1(b). We set the angle between the
b axis of the crystal orientations and the y axis of the surface
coordinates as 2. The thickness of the material is approxi-
mately 0.65 nm.!"!l The finite element analysis is performed
to analyze the coupling strength between the material and the
microsphere. Because of the rotational symmetry of the mi-
crosphere cavity mode,**! we use a 2D rotational symmetry
model to simplify the simulation model. In the simulation, it
is assumed that the material position does not affect the cavity
mode because the thickness of the material is three orders of
magnitude smaller than the wavelength.

(a) (b)

Fig. 1. (a) Schematic of the system. The plane of the blue dashed circle
is the equatorial plane. The inset is a schematic of the material with the
in-plane coordinates. (b) Demonstration of the angle (£2) between the
crystal orientations (a,b) and the coordinates (x,y).

3. Simulation and results

To obtain the SHG conversion efficiency, we first calcu-
late the nonlinear coupling strength between the pump mode
and SH mode*> when the pump mode and SH mode are dou-
ble resonances. The electric field of the cavity mode is denoted
as Ej(r,t) =aju;(r)e'®! +ajuj.(r)e_i“’-/’, where j =1, 2
represents the pump mode and the SH mode, respectively; a;
and a; represent the creation and annihilation operators, re-
spectively; w(r) represents the wave function of the cavity
mode, and @; represents the cavity resonant frequency. In
the SHG process, energy conservation needs to be satisfied
(201 = m»). Since the cavity modes are orthogonal, the linear
part of the Hamiltonian can be expressed as

H17j:/Ej~808jEjdV. (D)

Here, & is the vacuum permittivity, and &; is the relative per-
mittivity of the medium. Substituting F;(r,¢) into Eq. (1)
yields

H,’j:s()/sjyuj(r)fdr (2a,»aj+1). )
Since the linear part of the Hamiltonian represents the electric

field energy, we can obtain a normalized condition

h .
80/£j|uj(r)|2dr:%. 3)

For the nonlinear part, we consider the second-order term of
the Hamiltonian, which is expressed as

Hy = %/(EI(T’I)“V‘EZ(T,I))'SQX(Z)
(B (r,1) + Bx(r,0) (B (r,0) + Ex(r,1)). (4)

Here, x(z) is the second-order nonlinear optical susceptibility.
Substituting E;(r,) and according to the conservation of en-
ergy, we obtain

3
Hy = 5/UE(T)'EO%miul(T)Ul(r)dm%a;

3 2
—|—§/U2(r)~£0x(2>:u’f(r)u*f(r)dr (aD az. (5)

We introduce the interacting coupling strength g expressed as
3 [ @)
he=3 [wir)-ex P mrdr. ©

Then, Eq. (5) can be rewritten as Hy = [g* (a{)2a2+ga%a;] .
The coupling strength represents the interaction of the cavity
modes in the SHG process.

The electric field of the cavity modes with rotational
symmetry in the microsphere cavity can be expressed as!*3
uyo)(r) =uip)(r,0)e
mentum of the pump mode and the SH mode, respectively.

im @9 where my(z) is the angular mo-
P@) is the second-order nonlinear polarization, which is ex-
pressed as!'® P?) = g,x® : w(r,0)u;(r,0). Therefore,
Eq. (6) can be rewritten as

3

== elm=2m)oqe | wi(r,0)- PPdrde. (7)
2 Jws,

JWS,

hg

Because of the structural symmetry, the second-order non-
linear optical susceptibilities are x\(,g%z = — 151271)1 = — X}Ei) =

_%ﬁl = ﬁ;} = 4.5 nm/V,"!] where a is the zigzag direc-

tion and b is the armchair direction of monolayer WS,. Since
WS, is on a spherical surface, the stress from bending is uni-
form, leading to the uniform x(® of monolayer WS,.!'%1 The
second-order nonlinear polarization components of each di-
rection are

PLEZ) = _280)(\(;3%2 UagUp,
Pb(z) = 80%\(;3;2 (—uqug + upup). 8)
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Since monolayer WS, is deposited on the surface of the micro-

sphere cavity, we can express P, in the surface coordinates
a(b)

as follows:

P = eoigd, [ — 3 ) sin(3Q2) — 2ut it y cos(3Q)],

Py(2) — 80%\()3;2 [(u%) - u%x) cos(382) — 2u yuy ,sin(32)]. (9)

Therefore, the coupling strength can be further obtained by

_3..0 i (ma—2m1)¢
hg = EEOXWSZ /WS2 e dgAy. (10)
Here,
Ay = {uﬁy[(u%y — u% ) c0s(3Q) —2uy uy ,sin(32)]
ws, ’ i ’
+ u;,x[(u%,x - u%,y) S1I1(3Q)
—2uy yuy ycos(382)]drd6. an

For the integral over ¢, g is nonzero only when mp —
2m; = 0, which corresponds to the momentum-conservation
condition.>>) We substitute the energy normalization condi-
tion and introduce the effective mode overlap factor as

Ao

= ,(12)
: V[ ux(r.0)2drd6(y/ [ [u (r.0)2drd6)?
and the coupling strength is simplified to
3w, han @}
g~ > 5 (13)
16wR/ TR EE &

Here, we approximate that the radius (R) of the microsphere
is much larger than the width of the cavity mode in the ra-
dius direction.*>! The coupling strength is proportional to /,
which is the size of the material. By normalizing the coupling
strength with /, we obtain the coupling strength

2
39,

~ han ?
&~ 167wR/ TR

&eley

(14)

We choose wavelengths of 1550 nm for the pump mode
and 775 nm for the SH mode. For monolayer WS,, only the
electric field in the material plane contributes to the SHG pro-
cess. Compared with the transverse magnetic (TM) mode, the
electric field component of the transverse electric (TE) mode
is stronger in the material plane.[*®! Therefore, we choose the
fundamental TE (TE() mode as the pump mode. The SH mode
should satisfy both energy conservation (2@; = @) and mo-
mentum conservation (2m; = my) to obtain a large SH sig-
nal. Since the mode dispersion is used to compensate for the
material dispersion,>>) we need a different mode from the
TE( mode for the second harmonic. The symmetry of the
odd- or even-order SH mode will affect the nonlinear coupling
strength with the pump mode, and we discuss these different
cases.

For the even-order TE SH mode, the profile of the cav-
ity mode is symmetrical. In this situation, we choose the TE;
mode as a typical sample. The resonance frequency detuning
of the pump mode and SH mode is zero when the condition of
momentum is fulfilled (2m; = my) to satisfy the conservation
of energy. The detuning of the resonant frequency is denoted
as 6 = (0] — @/2). We show the relationship between the
resonance frequency detuning and the microsphere radius in
Fig. 2(a). The blue points in this figure are the simulated fre-
quency detuning, and the red curve is the fitting curve with
polynomial fitting. The frequency detuning is zero when the
radius is about 112 um. Although it is difficult to precisely
control the radius of the microsphere cavity, the frequency de-
tuning can be tuned to zero by thermal and Kerr effects!¢! to
achieve ideal conditions in the experiment. To show the sym-
metry of the electric field, the y component of the electric field
(Ey) profiles of the pump mode and the SH mode are shown in
Figs. 2(b) and 2(c), respectively. The E, of the pump mode has
the same sign. Different from the pump mode, the E, of the SH
mode can be positive or negative in different positions, which
may lead to the cancelation of the coupling strength. There-
fore, we investigate the effect of material position on the cou-
pling strength. The dependence of the coupling strength g on
the material position 6 is shown in Fig. 2(d), where w is 5 pm
and Q is 0°. Three peaks of coupling strength can be found,
and the strongest coupling strength occurs at 8 = 0° due to the
symmetry of the SH (TE;) mode. We further scan w of the
material to find the dependence of the coupling strength on the
range of the interaction area at 8 = 0°, as shown in Fig. 2(e).
We obtain a maximum coupling strength of 1556 Hz/pum when
wis 4.2 um. As the material coverage continuously increases,
the coupling strength decreases because of the cancelation.

For the odd-order TE SH mode, the profile of the cav-
ity mode is anti-symmetry. In general, SHG conversion will

351 However,

be canceled by the anti-symmetric mode profile.
the flexible choice of position and size of monolayer WS, can
avoid cancelation caused by the anti-symmetric mode profile.
To study this case, we choose the TE3 mode as a typical sam-
ple. The frequency detuning dependence on the microsphere
radius is illustrated in Fig. 3(a). The frequency detuning is
zero when the radius is around 88 um. The E, profile of the
SH mode is shown in Fig. 3(c), which exhibits anti-symmetry
different from the TE; mode. The dependence of the cou-
pling strength on the position (0) of the material is shown in
Fig. 3(d), where w is 5 um and € is 0°. Due to the anti-
symmetry of the TE; mode, the coupling strength is minimal
when 6 is 0°. We find that the coupling strength reaches a
maximum when 6 is 1.2°. In this position, the dependence of
the coupling strength on w of the material is shown in Fig. 3(e).
We obtain the maximum coupling strength of 2225 Hz/um
when w is 3.9 um.
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Fig. 2. (a) The resonance frequency detuning [8 = (®; — @, /2)] of pump mode (TEy, ;) and SH mode (TE,, ;) depending on the microsphere
radius. Here, the black dashed line is 6 = 0. (b) Normalized y component of the electric field (Ey) profile of pump mode (TEy). (c) Normalized
E, profile of the SH mode (TE>). (d) Dependence of the coupling strength between the TEy mode and TE; mode on the position of the material.
(e) Dependence of the coupling strength between the TEy mode and TE; mode on w of the material.
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Fig. 3. (a) The resonance frequency detuning [8 = (®; — @, /2)] of pump mode (TEy, ;) and SH mode (TE3, ;) depending on the microsphere
radius. Here, the black dashed line is 6 = 0. (b) Normalized E, profile of pump mode (TEy). (c) Normalized E, profile of the SH mode (TE3).
(d) Dependence of the coupling strength between the TE) mode and TE3 mode on the position of the material. (e) Dependence of the coupling

strength between the TE( mode and TE3 mode on w of the material.

Furthermore, we analyze the coupling strength when the
SH mode is the fundamental TM (TMj) mode. The frequency
detuning dependence on the microsphere radius is illustrated
in Fig. 4(a). The frequency detuning is zero when the radius
is around 140 um. The pump mode and the SH mode have
different electric field polarizations on the surface of the mi-
crosphere, as shown in Figs. 4(b) and 4(c), respectively. E,
is much stronger than Ey of the TMo mode (SH) in the plane
of the material.[*®) We can generate SHG with E, by rotating
the crystal orientation of the material. The E, profiles of the
pump mode and the SH mode are shown in Fig. 4(d). The

dependence of the coupling strength on the position (0) of
the material is shown in Fig. 4(d), where w is 5 pm. Q is
90° to ensure that the coupling strength is affected by Ey with
Eq. (9). The coupling strength reaches a maximum when 60 is
0° because of mode symmetry. We further find that the cou-
pling strength increases with the range of the interaction area
as shown in Fig. 3(e), because the E, of the TM( mode has the
same sign on the microsphere surface. The coupling strength
is 1250 Hz/pm when the material completely covers the range

of the cavity mode on the microsphere surface.
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Fig. 4. (a) The resonance frequency detuning [§ = (®; — 0,/2)] of pump mode (TEp, ;) and SH mode (TMy, @,) depending on the
microsphere radius. Here, the black dashed line is § = 0. (b) Normalized electric field intensity (|E|) profile of pump mode (TEy). The blue
arrows represent the direction of electric field polarization. (c) Normalized |E| profile of the SH mode (TMj). The blue arrows represent the
direction of electric field polarization. (d) Normalized electric field component in x-direction (E,) profiles of the pump and SH modes. (e)
Dependence of the coupling strength between the TEy) mode and TM( mode on the position of the material. (f) Dependence of the coupling

strength between the TE(y mode and TM( mode on w of the material.

According to the results, we obtain the strongest coupling
strength, which is g = 2225 Hz/um. Here, the pump mode is
the TE( mode, the SH mode is the TE3 mode, 6 is 1.2°, and w
is 3.9 um. We further study the influence of crystal orientation
on the coupling strength with these parameters. The depen-
dence of the coupling strength on £2 is shown in Fig. 5(a). This
dependence is similar to the polarization dependence of the
SHG generated by the free-space linearly polarized pump laser
because of the structural symmetry of monolayer WS,.[!!] The
total Hamiltonian of the SHG process can be expressed as!!

2
H = (016401 —|—(x)2a;a2—|—h {g* (aD a —I—ga%a;]
—|—8p(aleiw‘[ —l—a}re*iw'l),

where g, is the input pump strength. Considering the SHG
process with low pump power and low conversion efficiency,
the relative SHG conversion efficiency can be expressed as!*]

Psye

2
Ppump

16g%1% 1
0 20w, Y hay
(e + ve) (G +ven)

where k() o are the intrinsic loss rates and k()| are the in-
trinsic loss rates of the pump mode and SH mode, respectively.
Here, the loss rate is expressed as K = %, with Q being the
quality factor corresponding to the loss. To calculate the SHG
conversion efficiency, we choose typical intrinsic quality fac-
tors (Qy(2),0) as 1 X 10%. The absolute power conversion effi-
ciency (Psug/Ppump) against the external coupling quality fac-
tor is shown in Fig. 5(b), where [ is 1 um and the pump power

15)

is 1 mW. The conversion efficiency requires a critical coupling
condition for both modes to reach the maximum value of ap-
proximately 3.35% and the maximum relative conversion ef-
ficiency of 1 = Psa/Phmp ~ 3350 % - W', This result is
much higher than the conversion efficiency reported in the ex-
isting work, where the conversion efficiency is about 0.002%
with a pump power of 2 mW. (33

(a) (b)
) 90 = 2 0.034

= S

£ <

~ — 0

D 0 S

4 =]

¥ 2 S 2 0

—2 0 2

270
log10(Q2,1/Q2,0)

Fig. 5. (a) Dependence of the coupling strength on 2. Here the pump
mode is the TEy mode, the SH mode is the TE; mode, 0 is 1.2°, and
wis 3.9 um. (b) Absolute power conversion efficiency (PsugG/Poump)
against the external coupling quality factor (Qy(2) ;). In the calculation,
the intrinsic quality factors (Qy(2)0) are 1 X 10%, and the pump power is
1 mW.

4. Conclusion

In summary, we have theoretically studied the SHG of
monolayer WS, coupled with a silica microsphere cavity. We
consider that monolayer WS, is deposited on a microsphere
with different positions, sizes, and crystal orientations and
flexibly matches different modes with odd/even order or dif-
ferent polarization directions. We calculate the dependence of
the coupling strength in these cases. The theoretical calcula-
tion of the optimal SHG conversion efficiency is 3.35% under
the typical quality factor (1 x 10°) and pump power (1 mW).
Increasing the length of the material in the x-direction, im-
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proving the quality factor of the cavity, and increasing the
pump power can further increase the SHG conversion effi-
ciency. These results provide guidance to achieve optimal
second-order nonlinear response with the microsphere cavity-
coupled two-dimensional material, which will be further used
in more applications for integrated optical systems.
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