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High-Q microresonators are indispensable components of photonic integrated circuits and offer
several useful operational modes. However, these modes cannot be reconfigured after fabrication
because they are fixed by the resonator’s physical geometry. In this work, we propose a Moiré speedup
dispersion tuning method that enables a microresonator device to operate in any of three modes.
Electrical tuning of Vernier coupled rings switches operating modality to Brillouin laser, bright
microcomb, and dark microcomb operation on demand using the same hybrid-integrated device. Brillouin
phase matching and microcomb operation across the telecom C-band is demonstrated. Likewise, by
using a single-pump wavelength, the operating mode can be switched. As a result, one universal design
can be applied across a range of applications. The device brings flexible mixed-mode operation to
integrated photonic circuits.

T
he Vernier effect, which is used in mea-
surement instruments such as calipers
and micrometers, overlays two scales or
rulings with slightly different divisions
to improve accuracy. Its analog in op-

tical resonators overlays two frequency scales
with different divisions set by the free spectral
range, FSR, of two resonators. The coupling of
such resonators is mediated by the frequency
Vernier and creates useful tuning effects that
benefit optical add-drop filters (1), semicon-
ductor lasers (2), and frequency microcombs
(3–8). Verniers feature a larger scale periodicity
that is associated with the Moiré pattern (9)
that they form when overlaid. This Moiré pat-
tern exhibits a speedup effect when either
scale in the Vernier is shifted. That is, when
the two sets of scales are displaced differen-
tially, the collective movement of the Moiré
pattern is multiplied by the Vernier ratio (R)
(9, 10). In this work, the speedup effect is
adapted to demonstrate broadband electrical
control (through differential thermal tuning)
of dispersion.
Generally, anomalous dispersion is necessary

for mode locking of bright-soliton microcombs
(11), which feature a femtosecond timescale op-
tical pulse andhave applications in various fields
such as light detection and ranging (LIDAR)
(12, 13), dual-comb spectroscopy (14, 15), optical
frequency synthesis (16), optical clocks (17), and
astrocombs (18, 19). Conversely, although they
have narrower spectral coverage compared
with bright microcombs, normal dispersion
microcombs (20) offer higher power effici-

ency and comb line power. These properties are
advantageous for applications such as micro-
wave generation through photodetection (21)
and wavelength division multiplexing (WDM)–
based coherent optical communications (22, 23).
Finally, Brillouin lasers are known for their high
spectral coherence (24, 25), which is useful in
applications that include microwave signal gen-
eration (26), gyroscopes (27), and clock signal
sources (28).However, they require precise phase
matching for operation, and this involves set-
ting the frequency difference between two op-
tical resonances to closely match the phonon
frequency shift. The phase-matching condi-
tion is normally set during device fabrication
by adjusting the device FSR (i.e., device di-
ameter). In effect, this permanently fixes the
pump wavelength (i.e., each device has a set
pumping wavelength). As now shown, on-
demand operation across the C-band is possible
for each of these three modes of operation.

Results

Ourprototypedevice consists of apair of coupled,
single-mode Si3N4 racetrack-shaped ring reso-
nators with metallic heaters deposited along
their periphery and wire bonded to a printed
circuit board for electrical control (Fig. 1, A to
C). Further device details are provided in the
supplementary materials, but briefly, the in-
trinsicQ factor is 95 million, the average FSR of
the two rings is 19.95 GHz, and their FSR differ-
ence dFSR is 100MHz, so thatR ≈ FSR/dFSR =
200. The rings couple along a straight section
to form hybrid-mode frequency bands (7, 8)
whose dispersion spectra are modulated by
the Moiré effect. By applying voltage to one
of the ring heaters, the frequency ruling of the
corresponding resonator is shifted, thereby in-
ducing a much larger spectral shift of the dis-
persion through thespeedupeffect. Large changes
in dispersion over frequency spans in excess of
the telecom C-band are possible, so that a sin-

gle device can be reconfigured on demand for
operation in several different modalities.
To illustrate this concept, Fig. 1, D to F, shows,

respectively, the spectra from a single device
operated as a stimulated Brillouin laser (SBL),
a bright-pulse microcomb, and a dark-pulse
microcomb. Each of these operational modes
was set by differential tuning of the resona-
tors. Electrical spectra of the beatnote between
the pump laser and SBL, as well as the photo-
detected outputs of the microcombs are shown
in the insets. Moreover, on account of the high
optical Q of the coupled rings, and the corre-
spondingly low turn-on power of these devices,
direct pumping from the same semiconductor
laser is possible in a hybrid-integrated design
(see Fig. 1B).
The Moiré speedup effect is depicted in

Fig. 2A, where the mode frequencies within
two resonators (rings A and B) are depicted as
black lines. The line spacings, which correspond
to the FSRs, are assumed to be slightly different,
and their initial Moiré pattern is illustrated
by light red shading. As a result of modal
coupling between the two rings, the Moiré
pattern dictates the mode hybridization and,
consequently, the dispersion characteristics.
Lighter regions in the Moiré pattern indicate
that ring-mode frequencies coincide to form
antisymmetric and symmetric hybrid modes.
On the other hand, in the “interleaved” regions
where themode resonant frequencies are spaced
by FSR/2, the mode hybridization is greatly
reduced (circled dots in Fig. 2A). Next, we as-
sume that themodes in ring B are tuned by an
optical frequency Dfdiff relative to themodes in
ringA. Theminute adjustment ismagnified by
the Vernier ratio R, causing a large shift in the
Moiré pattern by Dfo (Dfo = RDfdiff) that is il-
lustrated by the blue-shaded region.
The integrated dispersion of the coupled-

ring system is measured using a calibrated
Mach-Zehnder interferometer (29) and is shown
for the two hybridized frequency bands in Fig.
2B. Here, the quantity plotted is the integrated
dispersion, which is defined by Dint;c ¼ wm�
wo � �D1m� 1

2D2;om2, where wo/2p is mode res-
onance frequency at relativemode number m ≡
m –mo = 0, wherem is the actual mode num-
ber and mo corresponds to the mode number
at 1550 nm. Also, �D1=2p is the average FSR of
the two rings, and D2,o is the waveguide in-
trinsic group velocity dispersion (see supple-
mentary materials for details). By differential
tuning of the ring FSRs, the second set of dis-
persion spectra are measured in Fig. 2B. Over-
all, the dispersion curve is shifted by 2.0 THz,
with an estimated temperature difference of
6°C that corresponds to a frequency shift of
10 GHz. Also presented in the figure are curves
from a dispersion model that is described in
the supplementary materials.
In Fig. 2C, dispersion spectra of the upper

and lower frequency bands are againmeasured,
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except for common-mode (not differential)
tuning of the two rings. There is nomeasurable
change in dispersion under this common-mode
tuning (note that the red and blue spectra are
shifted vertically for comparison). Finally, to
obtain an approximate value for the applied
differential temperature change for the mea-
surements in Fig. 2B, common-mode frequency
tuning data (inset of Fig. 2D) are used to infer
differential temperature change, as shown in
Fig. 2D. Here, the measured dispersion shift at
three points in Fig. 2A is first plotted versus
frequency by assuming a theoretical R = 200
(expressed as 0.2 THz/GHz in the figure). Then,
this scale is converted to differential temperature
(upper horizontal axis) by using the common-
mode tuning data (Fig. 2D, inset data). By
comparing the electrical power consumption of
the heaters, the measured differential tuning
efficiency is 19.2 GHz/W, which corresponds
to a phase change of 6.2 × 10−4/W.

Besides operation of a single device in three
different modalities (see Fig. 1, D to F), it is
important to note that operation wavelength
in any of these modes can be broadly tuned to
match the requirements of a specific pump
laser. For example, pumping of the upper band
in Fig. 2B will induce stimulated Brillouin
lasing in the lower band, provided that the
difference in these frequencies (Dw) matches
the phonon frequency. This idea is illustrated
in Fig. 3A, which plots Dw for the two tuning
configurations in Fig. 2B. The gray band gives
the region where Brillouin phase matching is
possible, whereas the accessible Dw range is
shaded in orange. The plots show that Brillouin
laser operation over the entire optical C-band
is possible with a single device. This is demon-
strated in Fig. 3B, where optical spectra show
a series of pump and Brillouin laser operating
wavelengths froma single device inwhich phase
matching has been electrically controlled. In

the spectra, the peak at the lower (higher) op-
tical wavelength corresponds to the pump
(Brillouin) laser. The Brillouin laser has been
pumped using a tunable external cavity diode
laser.However, as shown inFig. 1D, direct pump-
ing from a hybrid-integrated semiconductor
laser is also possible.
Broadband group velocity dispersion (GVD)

tuning for dark- and bright-pulse generation
at an arbitrary pumping wavelength is also
possible. GVD (excluding single-ring waveguide
dispersion, as defined by D2,c ≡ D2 – D2,o) is
evaluated by fitting the dispersion curve with
a third-order polynomial (Fig. 3C). The envel-
ope of the dispersion curves sets a boundary of
accessible anomalous and normal dispersion,
which is indicated by the shaded area (see also
the supplementary materials). Figure 3, D and
E, presents a series of bright and dark soliton
spectra that were obtained using a single device
that has been directly pumpedby using the setup

Fig. 1. A hybrid-integrated microresonator and optical pump can be operated
as a Brillouin laser, bright microcomb, or dark-pulse microcomb source with
on-demand electrical control and at a user-defined wavelength across the
C-band. (A) Illustration of the reconfigurable hybrid-integrated device. Si3N4

coupled rings (CRs) are directly pumped by an integrated III-V laser. Dispersion
of the CRs is tuned by differential tuning of the rings with integrated resistive
heaters. The III-V laser and the heaters are wire bonded to printed circuit boards
(PCBs) for electrical control. (B) Photograph of the integrated device depicted in
(A). (C) Zoomed-in image of the coupled racetrack ring resonator. Resistive
heaters are deposited atop the chip and offset from the Si3N4 waveguide by 8 mm
to avoid metal-induced optical absorption. (D to F) Optical spectra for on-demand

operation of the Brillouin laser (D), bright microcomb (E), and dark-pulse microcomb
(F), all operated at the same III-V laser pumping wavelength lo = 1548.4 nm per
the system layout in (B). In each case, dispersion is reconfigured through simple
electrical tuning. In (E), the black curve denotes the sech2 envelope and gives
an optical pulse width of 800 fs. Insets on the left are schematic drawings of
Brillouin emission between symmetric and antisymmetric hybrid modes (D) and
pulse shape temporal waveforms inside the coupled rings [(E) and (F)]. Insets
on the right show radio frequency (RF) beatnote (D) between the pump
laser and Brillouin laser (resolution bandwidth is 100 kHz) and repetition rate
tone [(E) and (F)], confirming mode locking (resolution bandwidth is 10 kHz). div,
division; WB/2p, Brillouin frequency shift.
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Fig. 2. Measurement of Moiré speedup of the dispersion spectrum.
(A) Illustration of the Moiré pattern formed by mode frequencies in ring A and
B resonators. A large shift Dfo of the Moiré pattern is caused by a small uniform
shift Dfdiff of the ring B frequencies. Brighter regions in the pattern correspond
to degeneracy of the local ring modes and lead to strong modal hybridization.
Here, ring A is assumed stationary (stat.), whereas ring B is tuned and illustrated
before and after the differential tuning. (B) Each color shows the measured
(bold) and fitted (fine solid line) dispersion spectra for the two frequency bands
of the system plotted versus the relative mode number. Mode number mo

corresponds to 1550 nm. The red spectra result from differential heating.

(C) Dispersion tuning for nondifferential heating (i.e., common-mode tuning) by
10 K (blue and red). No dispersion change is observed, and the curves have been
intentionally offset by 2 GHz for comparison. (D) Measurement of the Moiré
speedup effect wherein dispersion tuning of the circled dots in (A) are measured
versus differential heating. Solid lines give a linear fit with Vernier ratio R =
0.2 THz/GHz. The three colors correspond to different reference points when
evaluating the dispersion tuning, as illustrated in (A): S-band (light purple),
C-band (light blue), and L-band (light red). The inset shows the calibration of
mode-resonant-frequency shift versus chip temperature: dfo/dTcommon = 1.561 ±
0.003 GHz/K (upper band) and 1.558 ± 0.001 GHz/K (lower band).
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in Fig. 1B. We used four different distributed-
feedback (DFB) semiconductor lasers operating
at four different wavelengths. At each pump-
ing wavelength, tuning of the resonator dis-
persion allows operation in either the bright
or dark mode (7, 8). A measurement of real-
time switching between a bright-soliton and
dark-pulse microcomb state is presented in
fig. S4. As an aside, because there is no optical
isolation or amplification of the pumping lasers
in these measurements, the setup is suitable
for integration and also operates in the self-
injection locking (Turnkey) mode (30, 31).

Conclusions

We demonstrate that a single microresonator
device is electrically reconfigurable for opera-
tion as a Brillouin laser, a bright-soliton micro-
comb, or a dark-pulsemicrocomb. This capability
allows identical devices from the same wafer
to be used in very different applications or even
mixed-mode operation on the same photonic
chip. Consisting of a hybrid-integrated DFB
laser (without optical isolators or amplifiers)
and coupled-ring resonator, the module is ca-
pable of full heterogeneous integration (32).
The dispersion reconfiguration is also com-
patible with microresonators with larger FSRs
as well as faster actuators, including piezoelec-
tric (33–35) and electro-optic control (36, 37)
when required. Other potential applications
that may benefit from the enhanced tunability

include resonant electro-optic frequency combs
(38) and terahertz-wave generation (39, 40).
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Fig. 3. Broadband operation of the Brillouin laser, bright-soliton micro-
comb, and dark-pulse microcomb. (A) Broadband tuning of the Brillouin
phase-matching condition across the optical C-band and partial S- and L-bands.
Frequency spacing between the upper and lower bands in Fig. 2 is plotted versus
relative mode number (upper scale shows wavelength) for two different Tdiff.
Red and blue curves are data (bold curve) and model (fine curve). The orange
region gives the accessible mode frequency spacing. The gray area indicates the
approximate frequencies where Brillouin gain is possible. (B) Experimental
demonstration of reconfigured Brillouin lasing across the optical C-band.
(C) Reconfiguration of group velocity dispersion (GVD) for bright-soliton and

dark-pulse generation. The fitted GVD parameter D2c at two different Tdiff is
plotted versus relative mode number (upper scale shows wavelength). Red and
blue curves are data fit (dots) and model (fine curve). The orange region gives
the theoretically accessible D2c values. The discontinuity of the red dots at
large relative mode numbers is due to the insufficient bus-ring coupling at shorter
wavelengths, which makes it challenging to capture and analyze these mode
resonances. (D to E) Experimental demonstration of reconfigured bright-soliton
microcomb (D) and dark-pulse microcomb (E) under DFB laser self-injection–
locked operation at four different wavelengths. Mode locking is confirmed
by the high signal-to-noise ratio photodetected repetition rate tone in fig. S3.
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