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SPECIAL TOPIC — Optical field manipulation
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Here we propose a hybrid polymer-LN waveguide for achieving phase-matched second-harmonic generation (SHG).
From the aspect of super-mode theory, the geometric parameters of the hybrid semi-nonlinear waveguide were optimized to
utilize both symmetric (even) and antisymmetric (odd) modes of the pump and SHG waves so as to facilitate phase matching
with large modal overlap. Phase matching between a fundamental even (TEg-like) mode at 1320 nm and a fundamental
odd (TEg;-like) mode at 660 nm was found with a calculated modal overlap integral of 0.299, while utilizing the largest
nonlinear coefficient d33, and achieving an efficient calculated normalized conversion efficiency of 148% W~!.cm~2.
Considering the fabrication feasibility of such hybrid waveguide with features including etchless, large dimension, and
low structural sensitivity, we believe our findings would provide a useful reference for future on-chip efficient nonlinear

conversion devices.

Keywords: nonlinear waveguides, super-mode theory, phase matching, second harmonic generation
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1. Introduction

Nonlinear optical conversion is crucial for modern
photonics.!'?] Along with advance in high-profile fabrica-
tion techniques, various platforms of integrated photonics are
rapidly developed in the past decades, giving rise to diverse
on-chip applications, including data communication, optical
sensors, and optical interconnection.*-*! Generally, on-chip
devices could tightly confine the light field within a small vol-
ume, leading to dramatically enhanced light—matter interac-
tions with superior performance.!” In particular, efficient non-
linear frequency conversions can be achieved in photonic inte-
gration platforms composed of materials with strong second-
order nonlinearity, such as LN and AIN. 111

It is known that the realization of phase-matching con-
dition is vital for nonlinear optical conversions, such as
second-harmonic generation.!’:?) For nonlinear optical pro-
cesses inside photonic waveguides, several strategies for re-
alizing phase-matching condition have been proposed and
demonstrated, including quasi-phase matching (QPM),[!>-14]
birefringence phase matching (BPM),!'>! and modal phase
matching (MPM).['8] QPM is realized by domain pattern-
ing of the nonlinear susceptibility of waveguide, but limited
by the domain size for further integration into photonic cir-
cuits. Meanwhile, BPM is only available for phase matching
at specific wavelength.[>! For the traditional MPM method,
phase-matching condition is usually achieved between zero-
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order mode of fundamental wavelength and high-order mode
of second harmonics, the distinct spatial distributions be-
tween which would correspond to poor overlap and prevent
high conversion efficiency. Various nanostructures have been
demonstrated to improve the spatial overlap integral, such
as ring resonators, high-quality photonic cavities, and opti-
cal waveguides.[!”-?8] Notably, high-quality thin-film lithium
niobate on insulator (LNOI) is now commercially available,
which would significantly extend associated applications in
on-chip nonlinear optics.l''! To be noted, a novel special
waveguide structure, namely reversed-polarization double-
layer LN waveguide, was proposed with large modal overlap
integral and high efficient nonlinear frequency conversion.>!

Based on LNOI, hybrid nanophotonic waveguide has
been proposed by introducing a fabrication-friendly mate-
rial (such as polymer, TiO,, silicon) on the top of LN
substrate.39341 And new phase-matching condition can be
achieved between a fundamental mode at the fundamental
wavelength and a high-order mode at the second harmon-
ics. It is noted that such hybrid waveguiding structure can
be treated as an asymmetric coupled waveguide, composed of
the top polymer waveguide (95(2) = 0) and the bottom thin-
film LN waveguide (x # 0). Inside such coupled waveg-
uides, guided waves would split into even and odd modes for
the fundamental waveguiding mode, and the superposition of
these supermodes would lead to energy exchanging between
the two waveguides.>>=7] Notably, the rise of supermodes
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enables new schemes for the phase-matched nonlinear opti-
cal process, since extra momentum can be obtained during
the coupling processes both for the fundamental and second-
harmonic waves. According to super-mode theory, this mecha-
nism of phase matching has been implemented inside symmet-
ric coupled nonlinear optical waveguides with identical mate-
rial, while enabling large spatial modal overlap factors.[3840]
However, restricted by the fabrication technique of LN ma-
terial, it is difficult to construct coupled waveguides with the
same LN materials. Therefore, it is natural to bring in mind
that one could construct a composite waveguide structure by
patterning a fabrication-friendly material, such as polymer or

33341 Such waveg-

silicon, on top of high-quality LN thin film. !
uide structure could be readily fabricated and promising for
excellent optical performance. Considering the low optical
loss of polymer in the visible range, we prefer to construct
polymer-LN semi-nonlinear waveguide in this paper.

According to super-mode theory, we investigate phase-
matched second-harmonic generation inside a hybrid polymer-
LN semi-nonlinear waveguide, composed of the top polymer
waveguide and the bottom thin-film LN waveguide. Geomet-
ric parameters of the hybrid waveguide were carefully engi-
neered and optimized parameters were obtained numerically.
Phase-matching conditions were closely investigated with cor-
responding modal overlap integrals calculated.

2. Theory

First, we look back at the phase-matching condition of
SHG in a symmetric coupled waveguide structure. Here, we
take SHG, i.e., @ = 2wy, as an illustration. According to
super-mode theory,>=7! fundamental waveguiding mode of
each single waveguide would split into a pair of modes, i.e.,
even (symmetric) or odd (antisymmetric) modes, as a result
of perturbation-induced coupling interaction between the two
waveguides. The combination of even and odd modes in the
coupled waveguide structure would lead to power exchange
between the two waveguides. Additional possibilities in re-
alizing phase matching become available by employing the
emerging even and odd fundamental modes in nonlinear op-
tical interactions processes. We have listed all the six possible

phase-matching conditions as given in Table 1.3

Table 1. Phase-matching condition of SHG in coupled waveguides
(from Ref. [38]).

Phase-matching Phase-matching condition

condition according to SMT
1 ﬁl,odd + ﬁl,odd = ﬁLeven
2 Bl,even + ﬁl,even = BZ,even
3 Bi_even + Biodd = B2.odd
4 BLeven + ﬁl,odd = ﬁZ,even
5 Bi.odd + Bi1.odd = Br.odd
6 ﬁl,even + Bl,even = ﬁZ,odd

The parameters f3j even and B odq, are defined as propa-
gation constants of even and odd fundamental modes, respec-
tively, with subscript j = 1, 2 corresponding to the pump and
SHG wavelengths. When the phase-matching condition is sat-
isfied, maximum SHG efficiency is I = nL?* (where L is the
length of the nonlinear waveguide), which depends on the nor-

malized conversion efficiency,*!!

2
_ 872 S d%;
eocn%nzlz Actr
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where &y and c are the permittivity and light speed in vacuum;
ny and np represent the effective modal refractive indices of
the pump and SHG; A is the pump wavelength; dg is the ef-
fective nonlinear susceptibility; S represents effective modal
overlap integral between the pump and SHG modes over the

effective nonlinear optical region, >34%!

B | JJ yo F(@n)F (o) F (@)dxdz|
| Sl F (@) F (@) dxdz] | [y F(@2)F (02)* dxdz|'/2
2

where F(@;) and F(®;) denote the electric field distributions
of the pump and SHG waves, respectively. A represents the
effective modal area, defined as Ay = (A7A2)'/3,14!) where A;

is given as

A — (Jfu |F (@) dxdz)’
’Uxu) |F(0%)|2F (w;)dxdz

S, i=12. 3)

The overlap integral S becomes considerably large due to the
identical spatial distributions between the fundamental pump
modes and SHG fundamental modes inside the nonlinear opti-
cal waveguide. However, it is noted that phase-matching con-
ditions 4-6 (as listed in Table 1) are not applicable in the sym-
metric coupled waveguides, which can be easily deduced as
one checks the mathematical symmetry properties of modal
overlap integrals [see Eq. (2)].

For asymmetric coupled waveguides, the prohibition of
phase-matching conditions 4-6 could be removed so as to
provide additional possibility in realizing phase matching be-
yond conventional methods. As mentioned before, it is easy
to construct a composite waveguide structure by patterning a
fabrication-friendly material, such as polymer or silicon, on
top of high-quality LN thin-film.[*'-3*] Such waveguide struc-
ture could be readily fabricated and promising for excellent
optical performance.

Here we investigate the semi-nonlinear waveguide com-
posed of a polymer waveguide (rectangular cross section) on
the top and thin-film LN on the bottom. The reason to choose
polymer is listed as follows. First, due to the relentless desire
for high-performance integrated optical devices, some excel-
lent polymers have been available with a high refractive index
closed to LN, which is promising for tight optical confinement
and modal splitting inside the composite waveguide structure.
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Second, nanofabrication techniques for polymer have been
well-developed with high precision in the photonic industry
nowadays, including laser direct writing, ultra-violet (UV)
lithography, and nanoimprint lithography. Third, another ad-
vantage is the low absorption loss of polymer at visible wave-
length, compared with silicon.*¥ To be pointed out, the poly-
mer is generally amorphous with its corresponding second-
order susceptibility ¥ to be zero. To reflect such asymmet-
ric profile of x(?), the integral regions of numerator and de-
nominator, labeled as subscripts in Eq. (2), are thus different.
And nonlinear overlap integral becomes significant inside such
asymmetric coupled waveguide, making phase-matching con-
ditions 4-6 applicable inside such asymmetric coupled waveg-
uide. The schematic of a polymer-LN semi-nonlinear waveg-
uide is shown in Fig. 1. The high-quality LNOI platform con-
sists of an X-cut LN thin film and SiO, buried layer. A rectan-
gular polymer waveguide is located directly based on the top
of LNOI. Figure 1 shows the geometric parameters of the hy-
brid waveguide, including polymer waveguide height 4, poly-
mer waveguide width w, and LN height #,. Here X-cut con-
figuration of LNOI with waveguide direction along Y crystal
axis of LN was chosen in order to make use of second-order
susceptibilities, d31 (~ 4.3 pm/V) and d33 (~ 27 pm/V) of LN.
Phase-matching condition is numerically investigated in the
following context by carefully tuning the structure parameters
of this hybrid polymer-LN waveguide.

w

hl[ Polymer
s LN
SiO,

X-cut
X

.

Fig. 1. Schematic structure of the hybrid polymer-LN waveguide. The bot-
tom is a thick layer of silica (gray), the middle is an X-cut LN thin film (light
blue), and the top is a thin polymer waveguide (dark blue).

3. Simulation results and discussion

In order to implement phase-matching conditions 4-6 as
listed in Table 1, one should carefully engineer the waveg-
uide structural parameters so as to obtain bound modes for
both pump and SHG wavelengths.33! As indicated in our
previous paper,®®! it is invalid to use conventional coupled
mode theory since slowly varying envelope approximation is
no more applicable for such hybrid waveguides. Instead, a
finite-element method is adopted here in order to investigate
the optical modes of hybrid coupled waveguides in a straight-

[38] Refractive indices of lithium niobate were

forward manner.
extracted from the open database, while the refractive index
of the polymer was set as 2.15 so as to have considerable
intra-coupling effects between polymer and LN thin film. And

waveguide structure parameters were set as w =4 um, hy =

0.401 pum, and iy = 0.4 um, considering the facility of ma-
ture fabrication condition and acquiring the phase-matching
condition. We firstly examine the possibility of phase match-
ing between the TMy-like, TEy-like, and TE; -like modes at
the pump wavelengths A, ranging from 800 nm to 1400 nm.
According to the super-mode theory, TEgg-like modes could
be identified as fundamental even modes, while TMy,-like
and TEy-like modes could be identified as fundamental odd
modes. As shown in Fig. 2, the effective refractive indices of
the mentioned modes (at SHG wavelengths for the TEq-like
modes and at pump wavelengths for the TMy;-like and TEqg-
like modes) were calculated as a function of wavelength.

2.45
L 240r [ TE}like () 10 _ TM; (w)-like
g i 1‘ ==los 3 — TEg(w)-like
£ 2.35 -2.15r - b, & - - - TEy, (2w)-like
© .
Z 230F [ T
5 N [TERike ()
E 2250 o] 2.0k o —— 3
o 2'10‘ 0.9 _-1.0 L 05 2
o L e I S
z 220 | TE}like_ -~ L
+ -7
3] - - 2.04f
¢ 215 Lo -
= e Loy, B
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Fig. 2. Simulated effective refractive indices of the mentioned modes (at
SHG wavelengths for the TEo;-like modes and at pump wavelengths for the
TMo;-like and TEqo-like modes) as a function of wavelength. Effective re-
fractive indices of the low-order waveguide modes at both pump wavelengths
(TM -like and TEg-like modes) and SHG wavelengths (TEq;-like modes),
and the inset (i) and inset (ii) show two enlarged phase-matching cases. The
unit a.u. is short for arbitrary units.

Apparently, the intersecting points of the curves indicate
phase matching of interacting modes. The inset (i) of Fig. 2
shows a detailed phase matching occurring between TMy; -
like mode at 911 nm and TE(;-like mode at 455.5 nm. The
modal profile of its largest electric field component (E,) of
TMy;-like mode at 911 nm is plotted at the top of Fig. 3(a).
It is easily seen that electric field Ey is distributed in polymer-
section and LN-section with inversed polarity, which can be
regarded as an odd mode according to super-mode theory.
Meanwhile, the modal profile of its largest electric field com-
ponent (E;) of TEy;-like mode at 455.5 nm is plotted at the
bottom of Fig. 3(a). Similarly, TE(;-like mode at 455.5 nm
can be regarded as an odd mode. This case corresponds to
phase-matching conditions 5 as listed in Table 1. Though the
E, component of the TMy,-like mode at 911 nm and the E,
component of the TEy;-like mode at 455.5 nm are both with
the inverse polarity between polymer area and LN area, the
net modal overlap integral can be significant, due to the asym-
metric profile of ¥(® in the hybrid waveguide. The distribu-
tion curves of main electric field components along x direc-
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tion are illustrated in Fig. 3(b), where dark blue area repre-
sents polymer waveguide and light blue area represents LN.
And one may easily find that the spatial distributions of the
two main electric fields are identical in the LN layer, which
would lead to a considerably large modal overlap integral as
predicted by the theory. From this point, phase-matching con-
dition 5 is now achieved. The calculated modal overlap inte-
gral S is 0.365 and the effective modal area A is 9.92 umz.
In this case, for a lossless waveguide without pumping deple-

E (a.u.)
(a) 1.0
E, (911-nm TMj,;-like)
e — 0.5
0
E, (455.5-nm TE,;-like)
S —————— R
e
—1.0
E (a.u.)
(c) 1.0

E, (1320-nm TE,-like)

e

0
E, (660-nm TE,,-like)
[ 05
e
~1.0

tion, the normalized conversion efficiency 7 is estimated to
be ~ 9.11% W~'.cm~2, corresponding to a nonlinear conver-
sion efficiency of 0.09% W~! for 1-mm-long waveguide. To
be mentioned here, the nonlinearity coefficient d3;, rather than
ds3, is used here because the main electric field component of
the 911-nm TMy -like is E), instead of E,. However, it is dif-
ficult to utilize the largest nonlinearity coefficient during the
nonlinear process due to the largest electric field component
of TMy-like mode at 911 nm is Ey instead of E,.

ORI !
— 911-nm TMj,-like X
0.6 1 1
—455.5-nm TE;-like '
0.4F I |
. I (2) :O I
g | - |
Z 02rp
= |
(U]
I
I
—0.2F
1
1
I
—0.4F !
)
—-1.0 —0.5 0 0.5 1.0
Electric field (arb. units)
(d) 0.8 : :
— 1320-nm TE-like |
0.6 1 1
—— 660-nm TE;-like .
I {
04F "
— =0
g : :
= 02 !
= |
0F 1
E, <
I
—0.2F |
|
—0.4F
1
1
—-1.0 —-0.5 0 0.5 1.0

Electric field (arb. units)

Fig. 3. Simulated modal profiles: (a) the modal profiles of the largest electric field components of 911-nm TMy; -like (top) and 455.5-nm TE; -like
(bottom), and (b) the corresponding intensity distribution curves of the main electric field components along the x direction at both the pump (red
line) and SHG (blue line) wavelengths. (c) The mode profiles of the largest electric field components of 1320-nm quasi-TEq (top) and 660-nm
quasi-TEp; (bottom), and (d) the corresponding intensity distribution curves of the main electric field components along the x direction at both the

pump (red line) and SHG (blue line) wavelengths.

Another phase-matching point is found between TEqg-
like mode at 1320 nm and TE -like mode at 660 nm, as shown
in the inset (ii) of Fig. 2. The modal profile of its largest
electric field component (E;) of TEgy-like mode at 1320 nm
is plotted at the top of Fig. 3(c). It is easily seen that the polar-
ity of electric field E, is the same in both the polymer-section
and LN-section, corresponding to an even mode according to
super-mode theory. Meanwhile, the modal profile of its largest
electric field component (E;) of TE(,;-like mode at 660 nm is
plotted at the bottom of Fig. 3(c). Similarly, TEq;-like mode
at 660 nm can be regarded as an odd mode. The distribution

curves of main electric field components along the vertical di-
rection (i.e., along x axis) of the waveguide are illustrated in
Fig. 3(d). Again, the net modal overlap integral between the
modes is calculated to be 0.299 with effective modal area of
8.77 um?. To be pointed out, here the largest nonlinear co-
efficient, namely d33 is utilized, contributing to more efficient
nonlinear optical conversion. Indeed, we obtain the normal-

ized conversion efficiency 7 as high as 148% W~!.cm~2

, cCor-
responding to a nonlinear conversion efficiency of 1.48% W~!
for a 1-mm-long waveguide. This value is much higher (~ 300

times) than reported SHG efficiency in hybrid polymer-LN
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331 showing the advantage of our design presented

waveguide,[
in this paper. Recalling Eq. (1), it is reasonable for the larger
conversion efficiency, since we have a larger x(®) nonlinear
coefficient (27 pm/V versus —4.3 pm/V), larger modal over-
lap integral S (0.299 versus 0.14), and smaller effective modal
area A (8.77 pmz versus 20.3 umz).

Besides, we have fulfilled the phase-matching condition
around 1550 nm by sweeping the height of hybrid waveguide.
The phase-matching condition was realized between TMy-
like mode at 1550 nm and TEg;-like mode at 775 nm, with
h; =425 nm, w =4 um, and h; = 0.4 pum. To be noted, the
largest electric field component of TMy; -like mode at 1550 nm
is E,, and the largest electric field component of TEg;-like
mode at 775 nm is E,. Therefore, an effective nonlinear sus-
ceptibility d3; is utilized. And the corresponding modal over-
lap integral S is calculated to be 0.294 with effective modal
area of 8.9 um?. For a lossless waveguide without pumping
depletion, the normalized conversion efficiency 7 is estimated
to be 2.75% W~!.cm—2.

2.052
() ——1320-nm TEq-like
i ——— 660-nm TE,,-like

2.050 = 1.0 ~
LB s

2.048 |-

TEY,-like
TE-like

Effective refractive index

2.046
2.044 1 | | | 1 | 1
%390 395 400 405 410
hy (nm)
2.0480

4 | (b)

"g ——1320-nm TE-like _____@
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9 2.0474 E
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R
2.0472 ' : ' C
3950 4000 4050
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Fig. 4. The sensitivity of phase-matching condition 6 on geometric pa-
rameters. Effective refractive indices of the modes (inset (ii) of Fig. 2) at
both wavelengths varying with (a) polymer waveguide height, 7; (with fixed
w =4 um and hp = 400 nm) and (b) width, w (with fixed #; = 401 nm and
hy =400 nm).

We also investigated the structural sensitivity of above
phase-matching condition on geometric parameters (i.e., poly-
mer waveguide height &; and width w) of the hybrid waveg-
uide. For TEqg-like mode at 1320 nm and TE; -like mode at
660 nm, dispersion relationships as functions of the waveguide

height /; and the waveguide width w are shown in Figs. 4(a)
and 4(b).
fractive indices of TEgp-like mode at 1320 nm increase by

As shown in Fig. 4(a), the effective modal re-

~ 0.001 when the waveguide height /; changes from 400 nm
to 405 nm. However, the effective modal refractive indices of
TE(o-like mode at 1320 nm increase only by ~ 0.0001 when
the waveguide width w changes from 4000 nm to 4050 nm, as
shown in Fig. 4(b). Apparently, the modal refractive indices
vary more slowly with the change of waveguide width. This
is benefited from the larger waveguide dimension in z direc-
tion (~ 4 um) than x direction (~ 0.4 um). Therefore, it in-
dicates that one is more convenient to engineer the width than
the height of the polymer waveguide for detuning the phase-
matching condition. And the relatively large value (microm-
eter scale) of polymer waveguide width significantly releases
the difficulty of polymer fabrication. The proposed waveguide
holds the fabrication feasibility and is promising for future on-

chip efficient nonlinear conversion devices.

4. Conclusion

In conclusion, we have presented a simple hybrid
polymer-LN semi-nonlinear waveguide to realize efficient on-
chip SHG by directly constructing polymer waveguide on the
X-cut LNOI. Both symmetric (even) and antisymmetric (odd)
modes of the pump and SHG waves in the hybrid waveguide
were employed to achieve phase matching with large modal
overlap. The largest nonlinear coefficient, namely d33, could
be utilized for phase matching between a fundamental even
(TEgo-like) mode at 1320 nm and a fundamental odd (TEg;-
like) mode at 660 nm, with an efficient calculated normalized

conversion efficiency of 148% W~!.cm=2

. Considering the
fabrication feasibility of such a hybrid waveguide with fea-
tures including etchless, large dimension, and low structural
sensitivity, we believe our findings would provide a useful
reference for future on-chip efficient nonlinear conversion de-

vices.
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