Research Article

ADVANCED

PHOTONICS

Chip-scale nonlinear bandwidth enhancement via
birefringent mode hybridization

Tingge Yuan,*! Jiangwei Wu®,>' Xueyi Wang®,” Chengyu Chen,? Hao Li,* Bo Wang,* Yuping Chen,>* and

Xianfeng Chen®?®*

2Shanghai Jiao Tong University, School of Physics and Astronomy, State Key Laboratory of Advanced Optical Communication Systems and Networks,

Shanghai, China

®Shandong Normal University, Collaborative Innovation Center of Light Manipulations and Applications, Jinan, China

Abstract. On-chip quantum information network requires qubit transfer between different wavelengths while
preserving quantum coherence and entanglement, which requires the availability of broadband upconversion.
Herein, we demonstrate a mode-hybridization-based broadband nonlinear frequency conversion on X-cut thin
film lithium niobate. With the spontaneous quasi-phase matching and quasi-group-velocity matching being
simultaneously satisfied, broadband second-harmonic generation with a 3-dB bandwidth up to 13 nm has
been achieved in a micro-racetrack resonator. The same mechanism can work on the frequency conversion
of the ultrashort pulse in the bent waveguide structure. This work will be beneficial to on-chip tunable frequency
conversion and quantum light source generation on integrated photonic platforms and further enable on-chip
large-capacity multiplexing, multichannel optical information processing, and large quantum information

networks.
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1 Introduction

An efficient second-order nonlinear process with widely tunable
pump bandwidth has always been a pursued goal, owing to
extensive applications in wavelength division multiplexing net-
works,' ultrashort pulse nonlinearity,” quantum key distribu-
tion,> and broadband single-photon source generation.*’ In
general, broad nonlinear bandwidth requires the phase-matching
condition to be satisfied over a wide spectral range, which is
equivalent to the simultaneous matching of both the group-
velocity and phase-velocity of the interacting waves in the time
domain.*™"

Lithium niobate has been acknowledged as an excellent
platform for nonlinear application. Highly efficient second-
harmonic generation (SHG)'"' and broadband SHG’ have been
demonstrated on periodically poled lithium niobate (PPLN).
In the last decade, thin-film lithium niobate (TFLN) has
emerged as an ideal platform to manipulate and investigate

*Address all correspondence to Yuping Chen, ypchen@sijtu.edu.cn
These authors contributed equally to this work.
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the nonlinear interaction in the wavelength-scale,'”"® where

the compact optical structures could not only enable the huge
enhancement of the conversion efficiency by tightly confining
the optical field"™" but also provide degrees of freedom to
tailor the group velocity, as well as the group-velocity dispersion
through the structural geometry.®® As a result, broadband
SHG under the waveguide configuration on TFLN has been
extensively studied in recent years.”’ ™ Using the quasi-phase
matching (QPM) technique,*™”” broadband SHG bandwidth
over hundreds of nanometers has been demonstrated in the
dispersion-engineered periodically poled ridged waveguide on
TFLN,” where the fundamental wave (FW) and second-
harmonic (SH) wave have the same group velocity and stable
overlap over the whole propagation distance, as the diagram
in Fig. 1(a) has illustrated. Other methods that introduce the
nonuniformity to broaden the bandwidth have also been re-
ported,” while these conversion efficiencies are relatively
low due to the limited interaction length.

In addition to direct group-velocity matching (GVM) by
dispersion engineering or material nature, another alternative
method of quasi-group-velocity matching (QGVM) has been
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Fig.1 Schematics of the (a) direct GVM,? (b) QGVM realized by TDL,* and (c) anomalous GYMM

in the phase-matched SHG process, where § =

used to achieve broadband nonlinear frequency conversion. This
idea was first proposed by Fejer’' [see Fig. 1(b)], which intro-
duced a wavelength-selected time-delay line (TDL) in periodi-
cally poled bulk LN* and latter applied to fiber optics.*** In
this scheme, group velocities of interacting waves are no longer
required to be always matched along the propagation direction,
but rather the structure geometry is required to satisfy a certain
ratio depending on the accumulated group-velocity mismatch.
However, TDL-based devices typically suffer from a relatively
large footprint, which puts forward an urgent need to realize the
chip-scale integration for QGVM-based broadband nonlinearity.

Recently, anisotropic properties of the X-cut TFLN have been
widely studied and applied to electro-optic modulation,***’
polarization manipulation,®* sensing resolution enhancement,"
and poling-free QPM with the spontaneously inverted nonlinear
coefficient.*"** To tailor the dispersion as well as the group
velocity, such anisotropy also provides a potential path through
birefringence-induced mode hybridization,”* which can intro-
duce the anomalous group-velocity mismatch (GVMM) and
compensate for the temporal walk-off between FW and SH
waves in a single waveguide, as Fig. 1(c) has illustrated. Based
on the two routes, this paper demonstrates the greatly improved
nonlinear bandwidth in the micronanophotonic structures on
X-cut TFLN. Our experimental results show that broadband
SHG can be found in a racetrack resonator or bent waveguide
with a specific geometrical structure, in which the spontaneous
quasi-phase-matching (SQPM) and QGVM are proven to be
simultaneously satisfied in our simulation. Our study will open
anew avenue toward broadband nonlinear functional devices on
the anisotropic materials-based on-chip photonic platform.

2 Principles and Design

A schematic of the typical structure proposed in this work is
shown in Fig. 2(a). Here, a general SHG process is considered
in a microracetrack resonator on X-cut TFLN, which has a
straight section length of L, and a half-circle radius of R.
The straight waveguide is aligned with the Y axis. As the
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TE-polarized FW and SH light circulate in the racetrack reso-
nator, corresponding effective nonlinear coefficient d .y varies
with the direction of the wave vector k in the relationship of
des (0) = —dy, c0S® @ + d3 1 cos? 0 sin 0 + ds3sin’ 0, (1)
where 0 is the propagation azimuthal angle. From the above
equation, we can see that d; oscillates between the dj; and
—ds3 in a 2z-period of 6, and it reaches the maximum and mini-
mum values in two straight waveguides. The SHG process also
depends on the phase mismatch between the FW and SH light.
In the different sections of the racetrack resonator, the accumu-
lated phase-mismatch can be calculated as follows:

Ap, = AkLy, A, = / " Ak>(O)RAO = AKS TR, (2)
0

where Ak, and Ak,(6) are the vector mismatch in the straight
waveguide and the birefringent half-circle waveguide, respec-
tively, which have the expression of the Ak, = 47An ) /4
with the FW wavelength A and the effective refractive index dif-
ference Anj(;) between the FW and SH. For simplicity, we use
Ak} as a reduced form of Ak,(6) in the following analysis,
which is defined by Ak, =1 [ Ak,(6)d6. Analogous to the
common QPM process in the PPLN, the realization of the per-
fect SQPM requires A¢p; = ma and A¢p, = 2Nz, where m is an
odd number and N is an integer, corresponding to the QPM con-
dition and continuation condition, respectively. In this case, the
SH intensity will grow continuously in the poling-free racetrack
resonator, as shown by the inset in Fig. 2(b). Furthermore, at the
cost of some conversion efficiency, the above requirements can
be further relaxed to the condition of

A+ Ap, = (2 N + m)x, A¢imod2x # 0, 3)
which means that the slight shift from the mz in the A¢, can be
compensated by that in the Ag¢,, so that an overall phase
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relationship between the FW and SH in a period remains un-
changed. Compared to the other phase-matching methods, the
conversion efficiency of the SQPM depends mainly on the struc-
ture size and is therefore usually lower than that of the common
PPLN-based QPM.

Based on Eq. (3), we have the broadband SQPM condition,
which requires at least the first-order derivative of A¢; + A¢,
to be equal to O at the central FW wavelength 4y, which satisfies
SQPM. Combining Egs. (2) and (3), it can be derived to an
equation related to the racetrack structure and dispersion, in
the form of

dAk1> (dAk’2>
L — R[22
°< i ), i ),

In general, it is difficult to fulfill Eq. (4) in an isotropic plat-
form because the sign of dAk/dA is hard to change due to the
relatively consistent mode transition between the straight and
half-circle waveguides. However, for a birefringent racetrack

“4)

(@)

X

//20)

@775nm

6=-90° ‘%=:72° ¥= -57°
22

()

~oL == Hybrid mode @SH
S == TEO mode @FW

2.15]

TE1

21|
2.05

1.95¢
191

Effective refrative index
N

1.85 L
-1l4 0
6 (rad)

20loo
T 0=-45° 6=0°
0.5

resonator, the potential mode-hybridization in the half-circle
waveguide could provide another degree of freedom to manipu-
late the modal dispersion. For example, in a ridge waveguide
with a top width of 1 ym and a height of 0.38 pum, the FW light
with a wavelength of 1550 nm will maintain the single-mode
condition during the intracavity propagation, while the SH light
with the wavelength of 775 nm will experience a strong mode
hybridization in the half-circle waveguide, as shown in Fig. 2(a).
Therefore, its modal dispersion, as well as dAk)/dA can be
significantly changed compared to dAk;/dA in the straight
waveguide.

Specifically, we have simulated the effective refractive
indices of all possible modes in the SH and FW bands in the
half-circle waveguide on the X-cut TFLN. The conformal trans-
formation was used to deal with the effect of the waveguide
bending. In the SH band, the imported TEO mode in the straight
waveguide gradually transforms to the TM1 mode and then to
the TE1 mode, as the propagation direction has been rotated by
90 deg in the quarter-circle waveguide. In Fig. 2(c), the width of
the blue and red lines represents the change of indices in the FW
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Fig. 2 (a) Schematic of the birefringent racetrack resonator on X-cut TFLN, where SH-band light
experiences a mode-hybridization in the half-circle waveguide; (b) principle of SQPM [inset: vary-
ing SQPM SHG intensity with the periodically inverted efficient nonlinear coefficient (m = 5), and
a comparison among the SHG processes under the perfect phase-matching, QPM, SQPM, and
phase mismatching]; (c) effective refractive indices of the hybrid mode in SH-band and TEO mode
in FW-band in the half-circle waveguide, and the vector mismatch dispersion between them;
(d) average vector mismatch dispersion versus different FW wavelengths, which is positive in
the straight waveguide and negative in the half-circle waveguide.
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wavelength range from 1530 to 1570 nm, from which it is ob-
vious to see the different dispersion property at three stages of
SH. The dashed line shows the 0-dependent dAk, /dA at the FW
wavelength of 1550 nm in the half-circle waveguide. When both
the FW and SH are in the TEO modes, dAk,/dA has a positive
value as in the straight waveguide, while when the SH transfers
to the higher-order modes, the sign of dAk, /dA4 rapidly changes
to negative. The average vector-mismatch dispersion in the
straight and half-circle waveguides has been calculated versus
the FW wavelength in Fig. 2(d), which shows an opposite sign
over a broadband from 1520 to 1570 nm. From a time-domain
point of view, the temporal walk-off accumulated in the straight
waveguide between the interacting pulses in the FW and SH
bands can be reduced or even compensated if the racetrack
geometry satisfies Eq. (4), which means that these two pulses
will overlap again when they enter the next straight waveguide.

3 Results

To experimentally demonstrate the mode-hybridization-induced
broadband SQPM SHG, we have first designed a dual-resonant
111th-order perfect SQPM racetrack resonator with a straight
waveguide length L of 245.4 ym and a half-circle radius R of
129.03 pum, corresponding to A¢; = 111z and A¢p, =2 x 91z
at the FW wavelength of 1540 nm. Details of the design process
can be found in Ref. 42. It is worth noting that the choice of
geometric parameters is mainly determined by the fabrication
process. By improving the machining process or using deep
etching to suppress bending loss, the size of the microcavity
can be further reduced if the above conditions are met. In this
work, we focus on the dispersion property of this structure, as
shown in Fig. 3(a). For the designed R and L, A¢; decreases
for the longer FW wavelength and A¢, vice versa, both of
which have a close absolute value of the slope. Furthermore,
we calculate the phase-mismatch summation in Fig. 3(b) and
find it takes an extremum [d(A¢; + A¢,)/dA = 0] around
the FW wavelength of 1560 nm, while the QPM condition
(A¢; + A, = 293x) is fulfilled at that of 1540 nm. By slightly
tuning the temperature or the geometric parameter, the SQPM
and QGVM conditions can be realized simultaneously. For ex-
ample, as the temperature has risen by 10 K, and the L has been

reduced by 100 nm, the zero points of A¢; + Ag, — 293z and
its first-order dispersion may shift and eventually meet at the
FW wavelength of about 1552 nm. A detailed comparison is
shown in Fig. 3(c). At the central FW wavelength of the perfect
SQPM condition, A¢; is equal to 111z, indicating a theoreti-
cally highest SH intensity; when it is shifted to 110.6z under
the broadband SQPM condition, the overall SH intensity will
be slightly lower. However, since the absolute change of A¢,
is always within 7, and in most cases less than z/2 as the
FW wavelength is scanned from 1530 to 1570 nm, the conver-
sion efficiency is not affected too much.

In our experiment, 111th-order perfect and phase-compen-
sated SQPM racetrack resonators have been fabricated and
characterized; the fabrication process can be found in Ref. 42.
A pulley-type bus waveguide is used for on-chip coupling of the
resonator, which has a center angle of 30 deg, top width of
0.8 um, and gap of 0.6 um, respectively. Figure 4(a) shows
the experimental setup. A pair of grating couplers is used to cou-
ple the light in and out of the chip. The transmission spectrum
of the FW light is recorded by an OSC under the small signal
condition, and that of the shorter racetrack resonator is shown
in Fig. 4(b). A typical TEO mode around the wavelength of
1550 nm is zoomed in and fitted by the Lorentzian function,
which shows an intrinsic Q factor of 155,000. Measured SH
intensities in two resonators at different resonant modes of
FW are shown in Fig. 4(d), from which a relatively large
SHG spectrum from 1540 to 1565 nm can be observed with
a 3-dB bandwidth of about 13 nm under phase-compensated
SQPM. Compared with the SH bandwidth, we obtained in
the perfect SQPM resonator, the bandwidth is significantly en-
hanced over 10-fold. For the broadband SHG, the highest
on-chip SH power of about 100 nW is measured at the FW
wavelength of 1555 nm under an on-chip pump power of
20 mW. The relatively low conversion efficiency can be attrib-
uted to the large SQPM order number used here. By exploring
the lower-order SQPM (see the Supplementary Material), broad
bandwidth and improved conversion efficiency can be achieved
simultaneously. In addition, we find the SH intensity has a rel-
atively large fluctuation with the FW wavelength from 1548 to
1558 nm, which can be attributed to the different coupling con-
ditions and resonant mode mismatch.
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Fig. 3 (a) Calculated phase mismatch A¢; in the straight waveguide and phase mismatch A¢, in
the half-circle waveguide of a perfect 111th-order SQPM racetrack resonator, and (b) their
summation, presented by A¢y + A¢, —293z. A detailed comparison between (c1), the perfect
narrowband SQPM, and (c2), a phase-compensated broadband SQPM. The solid and dashed
lines denote the absolute phase-mismatch summation |A¢; + A¢o —293z| and its dispersion
|d(A¢4 + Agy)/dA|, respectively.
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Fig. 4 (a) Experimental setup. EDFA, erbium-doped optical fiber amplifier; PC, polarization con-
troller; TEC, thermal electronic cooler; WDM, wavelength division multiplexer; OSA, optical spec-
trum analyzer; PD, photodetector; OSC, oscilloscope; (b) transmission spectrum of the SQPM
racetrack resonator in C-band and (c) Lorentzian fitting of the marked resonance dip; (d) SHG

intensity obtained at each FW resonance mode.

4 Discussion

Furthermore, we show that the mode-hybridization-induced
QGVM can be combined with the SQPM in the bent waveguide
configuration, as the schematic shown in Fig. 5(a). Compared
with the SQPM-based racetrack resonator, the SQPM bent
waveguide breaks the restriction of resonance, and thus can
be applied to generate the SH light in a continuous broadband
spectrum instead of a series of discrete modes. By selecting
different hybrid modes in the SH band, we have designed
the first-order SQPM bent waveguide with the QGVM satisfied
at the same time; a detailed theoretical analysis can be found in
the Supplementary Material. As shown in Fig. 5(b), here the
half-circle radius R is 75 pm, and the straight section length
Ly is about 2.2 um, corresponding to the coherent length of
the SHG process involved in TEO modes at the FW wavelength

of 1550 nm. The total length L of the bent waveguide in the Z
direction is about 15 mm, including 50 SQPM cycles. A fiber
lens is used for coupling at the edge of the waveguide. The
pump light for the FW is provided by a C-band femtosecond
laser with a repetition frequency of 50 MHz and a pulse duration
of about 500 fs. The spectrum of the pump light is shown in
Fig. 5(c) with the red curve. In our experiment, with an on-chip
average pump power of about 5.7 mW, a broadband upconver-
sion spectrum at the 775 nm band is measured by the OSA at the
output port as the blue curve shown in Fig. 5(c), which means
that at least 16 nm 3 dB bandwidth has been achieved in the
SQPM bent waveguide structure. According to the theoretical
prediction, this bandwidth could be up to about 50 nm. It should
be noted that the conversion efficiency of the bent waveguide in
our experiment is mainly limited by the high insertion loss
(>50 dB). By optimizing the structure parameters or improving

()
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Fig. 5 (a) Schematic of the SQPM bent-waveguide on the X-cut TFLN; (b) scanning electron mi-
croscopic image of the first-order SQPM waveguide; (c) pump light spectrum and measured non-
linear upconversion spectrum, corresponding to a 3-dB bandwidth of about 16 nm.
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the fabrication process, the conversion efficiency could be fur- I
ther increased.
5 Conclusion 12.
In conclusion, we have demonstrated a new approach to achieve 13.
the QGVM SHG in the racetrack resonator and bent waveguide
on X-cut TFLN. Based on the birefringence-induced mode tran-
sition of the SH light, the GVMM can flexibly change its sign 14.
from the half-circle to a straight waveguide during the light
propagating for one cycle. SHG bandwidths of one and several 15
10-fold enhancements in the intracavity and bent waveguide 6
have been achieved, which can be applied to other parametric ’
processes, such as sum-frequency generation, difference-fre-
quency generation, and optical parametric oscillation with the 17
femtosecond laser pulse by further dispersion engineering
and optimization of the structure. This work will significantly
benefit chip-scale nonlinear frequency conversion between 18
the ultrashort optical pulses and even the quantum states if
the transmission loss is close to the intrinsic loss with the great
progress in fabrication technology on a thin-film lithium niobate 19.
platform.
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