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Abstract We exploit a thermo-optically tuned interferometric coupling scheme to relax fabrication tol-
erances on coupling segments of microresonators in lithium niobate-on-insulator. We achieve extinction
ratios up to 34 dB and show tuning of resonance bandwidth between 15 and 45 pm while maintaining

extinction above 15 dB. ©2022 The Author(s)

Introduction

Resonators are widely used to increase light-
matter interactions in many integrated optical plat-
forms. There are countless demonstrations of
high quality microresonators in silicont!), silicon
nitridel, lithium niobate-on-insulator (LNOI)®,
and more. These resonators have a multitude
of applications such as integrated laserst*>,
frequency combsl® and microring modula-
torsl®,  Also, resonators are often used to en-
hance nonlinear optical effects such as second
harmonic generation!% !l optical parametric os-
cillation"2, or spontaneous four-wave-mixing'3l.

LNOI is emerging as a versatile integrated pho-
tonics platform due to the steady improvement in
nanofabrication processes!'. Its high second or-
der nonlinearity makes it an ideal candidate to
explore nonlinear optical effects such as sponta-
neous parametric down-conversion.

Optical resonators can be used to boost the
conversion efficiency of nonlinear-optical pro-
cesses. For this, it is key that the resonators are
in a regime close to critical coupling, where the
extinction ratio (ER) is maximized!'®. To achieve
this, the cavity coupling coefficient ¢ has to be
closely matched to the round-trip losses a. Res-
onator coupling in integrated photonics is almost
exclusively achieved through directional couplers.
By engineering the gap of the bus and resonator
waveguide and the length of the coupling seg-
ment, the coupling coefficient is carefully tuned.
However, these coupling segments are very sen-
sitive to fabrication imperfections, specifically vari-
ations in waveguide height and coupling gap. Fur-
thermore, these passive couplers stay in a fixed
coupling regime once fabricated.

We relax these narrow fabrication tolerances by
employing an interferometric coupling schemel'®
and by using thermo-optic phase shifters to ac-
tively tune an integrated racetrack resonators. Al-
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Fig. 1: Schematic representation of an integrated racetrack
resonator in add-drop configuration. Coupling to the res-
onator is achieved using interferometric couplers with inte-
grated TOPS to tune the phase-difference A¢. A third, shorter
heater is included for resonance tuning. Two cuts show the
cross-section of (a) the single evanescent coupling segments
and (b) the metal-strip heater next to the bus waveguide, re-
spectively.

though there are several demonstrations of tun-
able resonators in LNOI!A-191 " they exclusively
focus on tuning the resonant wavelengths and not
the ER, full width at half maximum (FWHM), or
coupling regime.

In this study we design, fabricate, and charac-
terise a reconfigurable integrated racetrack res-
onator on a 400 nm X-cut LNOI chip. Be-
sides achieving thermo-optic tuning of the reso-
nance position with an efficiency of 0.65 pm/mW,
we also demonstrate critical coupling at different
wavelengths in the S-, C- and L-band reaching
extinction ratios up to 34 dB. By exploring the
full tunability range of the individual couplers we
measure an 8-fold difference between the mini-
mum and maximum achievable bandwidth of the
device, while simultaneously changing the extinc-
tion ratio between 0.35 and 21.9 dB. Finally, we
tune the FWHM of a single resonance by a fac-
tor of 3 while mainting an extinction ratio above
15 dB. This is the first demonstration of inde-
pendent extinction ratio and bandwidth tuning in
an LNOI resonator, showing the potential of these
devices as a versatile tool in integrated nonlinear
photonics.
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Operation Principle

The interferometric coupling scheme used here
is schematically shown in figure It is based
on two identical coupling segments of length L..
Each of these segments has a lumped coupling
coefficient ¢, to the resonator. The couplers can
be modelled as a single evanescent coupling seg-
ment with a coupling coefficient!e%

t = 2to(1 —to)(1 — cos Ag), (1)
where A¢ is the phase difference between the
first and the second coupling segment. Depend-
ing on the value of ¢y, the power coupling factor
t can be tuned between ¢, and 1. Figure a)
shows the theoretical extinction ratio of a reso-
nance as a function of A¢ for a resonator in all-
pass configuration. It can be observed that critical
coupling can only be realised if 1 — ¢tmjn > a. Note
that also the resonance width changes simultane-
ously with A¢ as shown in figure 2(b).

By using a racetrack resonator in add-drop con-
figuration with two interferometric coupling seg-
ments, we can achieve independent tuning. The
critical coupling condition for a resonator in add-
drop configuration is

t=1+t —a, 2)
where t and t’ are the power coupling coefficients
at the through and the drop side, respectively. For
symmetric coupling segments (i.e. ¢t = t’) this con-
dition can never hold exactly since 0 < a < 1.

With interferometric couplers however, we can
tune ¢ and ¢’ such that condition (2) holds. Fur-
thermore it is also possible to readjust them to get
high extinction ratios at different FWHMs.

Design and Fabrication
To design the interferometric couplers, we use a
Lumerical eigenmode expansion (EME) simula-
tion to simulate the coupling segment consisting
of two waveguides of widths w;, = w, = 800 nm
copropagating for a length L.. The separation of
the waveguides is g. = 670 nm. The optical |S2|?
parameter is shown in figure [3fa). In the simula-
tions we neglect contributions from the approach-
ing bus-waveguide but only consider the parallel
part of the segments. Since we are only inter-
ested in the tuning region around the critical cou-
pling, we chose a coupling length of L. = 28 um
corresponding to ¢ty = 0.31. With typical propa-
gation losses of 0.2 dB/cm in these devices, this
suffices to be in the desired regime.

As phase-shifters in the interferometric cou-
plers and for tuning the resonant wavelength, we
use thermo-optic phase shifters (TOPS). They
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Fig. 2: Theoretically predicted resonance characteristics for
a resonator in all-pass configuration using an interferometric
coupler. For (a) the extinction ratio and (b) the FWHM three
values for the base coupling coefficient ¢ are distinguished.

consist of a strip of platinum (Pt) with the follow-
ing parameters: wy, = 3.1 um, h; = 100 nm and
lengths Ly, ;, = 960 um for the interferometric cou-
plers and L, = 360 pm for the resonator itself.
The heater gaps are g, = 2.4 um and g, =
2 pm respectively. gy , is higher than g, ; to avoid
ohmic losses in the resonator. The Pt-strips are
connected with gold (Au) connections of 300 nm
height and 20 pm width leading to negligible con-
tributions to the overall resistance of the heater
structure. A 3D finite element heat transfer model
was used in conjunction with a 2D finite element
mode simulation to predict a power for = phase-
shift P, = 421 mW for the interferometric coupler.
Figure [3(b) shows the temperature profile gener-
ated at this power.

Figure [4(a) shows an optical microscope im-
age of the fabricated device. The resonator con-
sists of straight waveguides of length L = 2 mm
and two half-circles with a radius R = 100 pym.
The width for the bus and resonator waveguides
is 800 nm. The waveguides were fabricated by
electron-beam lithography followed by a 250 nm
deep dry-etch in an ICP-RIE tool and have a width
of 0.8 um. Pt heaters and Au contacts were de-
posited using a double layer lift-off process. The
TOPS show a resistance of 553 2 and 556 {2 for
the two coupler heaters and 790 2 for the res-
onator heater.
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Fig. 3: (a) Simulation results of |S12|? for two copropagating
waveguide of 800 nm width and h.,y = 250 nm etch depth.
The orange dashed line indicates the coupling length L. o =
74.3 um for complete power transfer. The green dotted line
indicates L. = 28 um. (b) Simulated temperature profile for
the thermo-optic phase-shifter used in the coupling segment.
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Fig. 4: (a) Optical Microscope image of the fabricated race- 01 00 o1 ' 61 00 o1

track resonator. (b) The measurement setup used to charac-
terise the device. (c) Measured resonance at Ao = 1561.2 nm
for different voltage Vi applied to the TOPS at the resonator.

Experimental Results

The experimental setup used to characterise the
fabricated device is shown in figure [4(b). We use
tungsten needles to contact the Au connection
pads of the TOPS. The sample is mounted on
a copper holder held at constant temperature
Tamb = 22°C with a Peltier-element and a PID tem-
perature controller. End-fire coupling with lensed
fibers is used to couple light to the integrated cir-
cuit. A tunable laser source and a high dynamic
range powermeter are used to measure transmis-
sion spectra while applying different voltages.

Figure [[c) shows a resonance initially at
Ao = 1561.17 nm at different applied voltages Vg
to the TOPS in the resonator. The tuning effi-
ciency of 0.65 pm/mW is of the same order of
magnitude as previous reported values in LNOI
ring-resonatorst’” and could be improved by in-
creasing the length of the metal strip to heat a big-
ger portion of the resonator waveguide. We also
observe changes of the ER and FWHM which are
due to thermal cross-talk to the couplers.

A resonance at \g = 1520.0 nm was measured
at different voltages Vi applied to the through side
TOPS to investigate single side tuning character-
istics of the device. Figures [5(a) and (b) show
the ER and FWHM as a function of the applied
voltage. The same measurement was repeated
for different voltages Vp applied to the drop side
coupler. With these applied voltages the reso-
nance extinction ratio varies between 0.35 dB and
21.9 dB. Simultaneously the FWHM shows a fac-
tor 8 difference between the lowest and highest
measured value. This confirms the working prin-
ciple of the interferometric coupling scheme.

In figure [Bfc), different resonances with extinc-
tion ratios beyond 27 dB are shown. These are
achieved by applying different voltages Vp at the
drop side coupler (refer to the figure caption for

Detuning [nm] Detuning [nm]

Fig. 5: (a) Extinction ratio and (b) FWHM at different TOPS
powers at the through- (blue dots) and drop-side (orange tri-
angles) couplers. (c) High ER resonances for different applied
voltages V. The resonant wavelengths and applied voltages
are: 1503.0 nm at Vp = 13 V (blue), 1545.8 nm at Vp = 28 V
(orange), 1576.2 nm at Vp = 6 V (green) and 1588.0 nm at
6 V (red). (d) Resonance at Ao = 1550.2 nm resonance at
Vp =0V, Vp =147V (blue), Vo =5V, Vp = 135V
(orange) and Vi = 6.7V, Vp = 11.7 V (green).

resonant wavelength and voltage values).

By simultaneously tuning both interferometric
coupling segments with different voltages Vr and
Vp we were able to independently tune the ER
and FWHM. Figure [5[d) shows a resonance at
Ao = 1550.2 nm for three different combinations
of voltages. All three measurements show an ex-
tinction ratio above 15 dB at FWHMs of 15.0 pm
(blue curve), 27.2 pm (orange curve) and 44.8 pm
(green curve). Thus the FWHM is tuned without
reducing the extinction ratio of the resonance.

Conclusion

We have demonstrated a reconfigurable inte-
grated LNOI racetrack resonator and showed ex-
tinction ratios as high as 34 dB at different wave-
lengths throughout the S-, C- and L-band. Fur-
thermore, simultaneous and independent tuning
of the extinction ratio, FWHM and resonance po-
sition was achieved. In particular, the FWHM was
tuned between 15 pm and 45 pm while keeping
the extinction above 15 dB. These integrated de-
vices are a promising tool for enhancing nonlin-
ear optical effects as they relax fabrication toler-
ances on the coupling segments and allow to use
the same resonator in different coupling regimes.
Introducing air-trenches into the design would
drastically reduce the power consumption of the
TOPSH/LE2Y,
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