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Frequency combs based on nonlinear-optical phenomena in integrated photonics are a versatile
light source that can explore new applications, including frequency metrology, optical communica-
tions, and sensing. We demonstrate robust frequency-control strategies for near-infrared, octave-
bandwidth soliton frequency combs, created with nanofabricated silicon-nitride ring resonators.
Group-velocity-dispersion engineering allows operation with a 1064 nm pump laser and generation
of dual-dispersive-wave frequency combs linking wavelengths between approximately 767 nm and
1556 nm. To tune the mode frequencies of the comb, which are spaced by 1 THz, we design a pho-
tonic chip containing 75 ring resonators with systematically varying dimensions and we use 50 ◦C
of thermo-optic tuning. This single-chip frequency comb source provides access to every wavelength
including those critical for near-infrared atomic spectroscopy of rubidium, potassium, and cesium.
To make this possible, solitons are generated consistently from device-to-device across a single chip,
using rapid pump frequency sweeps that are provided by an optical modulator.

PACS numbers: 42.82.-m 42.60.Da 42.62.Eh 42.65.Tg

I. INTRODUCTION

Recently, there has been significant effort to develop
chip-scale and integrated-photonics light sources and de-
vices through nonlinear optics [1]. These have ranged
from the development of ultra-stable CW lasers based
on stimulated Brillouin scattering [2, 3] to metrology
with frequency combs based on supercontinuum gener-
ation in photonic waveguides [4, 5] to dissipative-Kerr-
soliton (DKS) formation in microresonators [6, 7]. Such
soliton microcombs exhibit interesting nonlinear optical
phenomena, including breathing oscillations [8–10], dark-
pulse formation [11] and soliton crystallization [12], and
have enabled diverse applications like communications
[13], and optical-frequency synthesis [14]. DKS combs
have been demonstrated with a variety of materials, in-
cluding fused silica fiber and microresonators [15, 16],
crystalline magnesium fluoride [17] and silicon nitride
(Si3N4 hereafter SiN)[18–20]. SiN is an appealing ma-
terial for broad bandwidth combs due to its moderately
high Kerr nonlinearity and low optical propagation loss.
Additionally, it is compatible with standard lithographic
fabrication techniques, allowing for reliable fabrication of
resonators and integration with other photonic elements
[1], providing a path for broadband, low-power consump-
tion frequency combs on a photonic chip [21].

Realizing DKS frequency combs that interface with
optical-atomic transitions opens up timekeeping and
other measurement applications. However alkali or
alkaline-earth atomic resonances are largely prevalent in
the 700 to 1000 nm spectral region, whereas many DKS
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experiments have operated in the 1550 nm band due to
the availability of pump lasers, optical amplifiers, filters,
detectors, and other components. Previous optical-clock
demonstrations with soliton microcombs were pumped
at 1550 nm [22, 23], and required second-harmonic gen-
eration to access atomic transitions. Moreover, atomic
transitions are spectrally narrow and thus require finely
tuning a frequency comb to reach resonance.

A central facet of designing DKS combs for the near-
infrared [24] is that the very high microwave-to-THz rep-
etition frequencies of microcombs and their ultrabroad-
bandwidth spectra are almost exclusively determined by
the geometry of the devices. A recipe has emerged to
design and realize soliton microcombs at 1550 nm for
some applications like optical-frequency synthesis [20].
The first step in designing the soliton spectrum is to
select device geometries with anomalous group-velocity-
dispersion (GVD) near the chosen pump wavelength [25].
A second step is to design higher than 2nd- order GVD
contributions for generation of dispersive waves (DWs)
[26], which lead to a localized increase in optical power
at the edges of the soliton spectrum. A third step is tun-
ing the carrier-envelope offset frequency of the soliton
microcomb for compatibility with electronic detection on
available high-speed photodetectors with bandwidth ≤
20GHz.

Here, we explore frequency control and tuning of
octave-spanning, near-infrared (NIR) soliton microcombs
pumped at 1064 nm, towards use in atomic spectroscopy.
We demonstrate a combination of GVD control of the
comb’s spectrum and thermo-optic frequency tuning for a
single-chip solution to interface with rubidium (780 nm),
cesium (852 nm), and potassium (767 nm) atoms. The
advantage of a 1064 nm pump laser is that it bisects
the frequency span between telecom wavelengths (1300
to 1600 nm) and atomic species that are commonly used
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FIG. 1. Resonator dispersion design and experimental setup.
(a) The calculated GVD profile (top) and integrated modal
dispersion (middle) for ring resonators with material thickness
667nm, radius of 22.5 µm and RW of 810 nm, 850 nm, and 890
nm. The experimentally generated single soliton spectrum
from the RW=850 nm device (bottom) has its strongest SDW
line aligned to the Rb 2-hν transition (red dashed line). (b)
The experimental setup for soliton generation and comb di-
agnostics. An ECDL is coupled to a Mach-Zehnder intensity-
modulator, amplified in a YDFA and coupled into the pho-
tonic chip using lensed fibers and precision positioning stages.
The generated comb light is separated into spectral bands
centered at 780, 1064 and 1550 nm for subsequent diagnos-
tics. Each branch can be monitored in real time or undergo
heterodyne with local oscillators. The notch filter used in the
1064 nm branch to reject pump light when monitoring soliton
generation, is not shown. The long-wavelength DW branch
is amplified using EDFA to provide optical power for further
measurement steps.

for atomic clocks like strontium (699 nm) and calcium ion
(729 nm) [27–29]. Our soliton microcomb provides up to

0.3 µW per mode over the 760 to 900 nm range of interest
for atomic spectroscopy, and also few µW per mode in
the Telecom bands. The comb is pumped with standard
1064 nm laser technology, and we demonstrate high co-
herence with the soliton microcomb through detection of
its 1 THz repetition frequency and f -2f measurements.

II. SOLITON MICROCOMB DESIGN

The photonic-chip resonators in this study are SiN
microring resonators embedded in a silicon-dioxide
cladding. A ring radius of 22.5 µm (center of waveg-
uide) is chosen to give a free-spectral range (FSR) of ≈ 1
THz, which reduces the comb operating power [20]. The
devices are fabricated at wafer scale by Ligentec, using
LPCVD stoichiometric silicon-nitride deposition, DUV
stepper lithography, dry chemical etching, and separation
to individual chips. Broadband, weakly anomalous GVD
is created near the 1064 nm pump laser wavelength by
design of the resonator dimensions, namely the SiN layer
thickness and resonator waveguide width (RW). GVD
simulations for resonators with a SiN layer thickness of
667 nm and RW = 810, 850 and 890 nm illustrate the soli-
ton microcomb design process; see the top panel of Fig.
1(a). We indicate the telecom bands (1500-1600 nm) and
the NIR range relevant for rubidium atomic spectroscopy
(778-795 nm) with vertical gray boxes.

Our resonators also support the generation of DWs
that extend the soliton spectrum outside the anomalous-
GVD region. The emitted DWs correspond approxi-
mately to the wavelengths of zero integrated dispersion,
Dint [18]. The integrated dispersion is equivalent to
the detuning of the cold-resonator frequencies νµ from
an equidistant grid centered about the pump laser and
spaced by the free spectral range (FSR) about the pump
laser,

Dint(µ) = νµ −
(
νp − µ× D1

2π

)
(1)

Here, νp is the pump laser frequency, D1

2π is the resonator
FSR near the pump and µ is an integer indexing the res-
onances relative to the pumped mode µ = 0. This quan-
tity, given in units of GHz, is plotted in the middle panel
of Fig. 1(a) for the three corresponding traces in the top
panel. We note that increasing the resonator waveguide-
width (RW) parameter leads to an overall redshift of the
GVD profile as well as the wavelengths of Dint = 0. Since
both the device layer thickness and RW affect the GVD
profile, we can quasi-independently design and control
the peak wavelength of the two DWs.

The linear approximation for the DW wavelengths
given by Dint(µ) = 0 neglects higher-order effects aris-
ing from soliton self-phase modulation [30]. However, it
is a reasonable criteria for predicting the performance
of resonator designs given the fabrication tolerances of
∼5 nm in device layer thickness and ∼20 nm in pat-
tern dimensions, including effects of waveguide sidewall
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FIG. 2. Soliton microcomb spectrum control through nanofabrication. (a) Single-soliton spectra obtained from resonators with
varying waveguide widths on the same chip. Relevant atomic transitions are indicated on the plot. The on-chip, single-sideband
pump powers are from top to bottom 160 mW, 180 mW, 175 mW, 190 mW and 160 mW. (b) Comparison between measured
dispersive wave frequencies and that predicted by simulated waveguide dispersion show good agreement within fabrication
imprecision of resonator dimensions. (c) A zoom in plot near the rubidium optical transition frequencies.

angle. These small deviations are accounted for by fabri-
cating resonators of various RW values, stepped by 10’s
of nanometers, on a single chip. We design chips com-
posed of ∼75 individual ring resonators to systematically
cover the microcomb design space.

The bottom panel of Fig. 1(a) shows the result of
controllably taking advantage of the microcomb design
space in SiN. The soliton microcomb spectrum that we
present features a long-wavelength DW in the telecom
band and short-wavelength DW with its strongest line
aligned to the Rb 2-photon clock transition at 778 nm
[31–33].

III. OPTICAL MEASUREMENT

The setup we use for our experiments is shown in Fig.
1(b). In particular, the apparatus is composed of ele-
ments for soliton microcomb generation and thermo-optic

tuning, and for coherence measurements of the soliton
microcomb’s carrier-envelope-offset frequency and repe-
tition frequency. The pump laser we use is an external
cavity diode laser, providing coarse tuning from 1020 to
1070 nm to address a few of the TE1 ring resonator modes
that are spaced by 1 THz.

In order to provide laser light to our resonators, cou-
pling waveguides are fabricated in the silicon nitride de-
vice layer. Inverse tapering of the coupling waveguide
at chip edge enables approximately 3 dB per facet inser-
tion loss from standard lensed fibers. A ‘pulley’ design
[20, 34, 35] for the coupling waveguide achieves adequate
coupling rates for low-power operation of the comb and
also at the edges of the spectrum for output-coupling of
the dispersive waves. We include a variation in the cou-
pling gap between the pulley coupler and the resonator
to achieve critical coupling, namely, to set the coupling
strength between the resonator and the coupling waveg-
uide to match the internal loss of the resonator. This cou-
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pling condition maximizes the intra-resonator power for
a given pump power, reducing the pump power required
to support soliton microcombs. We extract information
on the intrinsic and coupled quality factor by measuring
the resonance linewidth and minimum transmission as a
function of gap. The spectra shown in Figs 1(a) and 2
were obtained using resonators with intrinsic quality fac-
tors of ≈ 1 × 106 and comb generation threshold powers
as low as 9 mW in the coupling waveguide. Ongoing ex-
periments show that intrinsic Q’s up to ≈ 3 × 106 and
threshold powers of 1 mW are possible at 1064 nm.

We efficiently generate soliton microcombs by con-
trolling the pump-resonator detuning at a rate faster
than the resonator thermal dynamics [36–38]. This is
implemented using an ultrafast electro-optic frequency
shifting technique similar to that reported in Ref [20].
Here we utilize a standard lithium-niobate waveguide
Mach-Zehnder intensity modulator in place of the single-
sideband, suppressed-carrier modulator. The output of
the intensity modulator is passed to a polarization con-
troller and amplified in an ytterbium-doped fiber ampli-
fier (YDFA) before being coupled into the chip. The
blue-detuned sideband frequency is tuned to resonance
and then decreased by ≈ 5 GHz in 100 ns. This rapid
pump frequency tuning technique minimizes the thermo-
optic shift of the resonance frequency, which can destabi-
lize the soliton. The red sideband and residual carrier are
far detuned (by ≥20 resonator linewidths) from any res-
onances and do not adversely affect soliton generation.
We filter out the pump light to monitor the generated
comb power. The emergence of soliton microcombs from
chaotic states as we vary the detuning is identified from
the photodetected comb power, using an oscilloscope; see
the trace plotted in Fig. 1(b).

Optical spectra of single-soliton microcombs that we
create are shown in Fig. 2(a). We present spectra for
five RW values, spaced by 20 nm from RW = 810-890 nm.
The spectra were obtained with on-chip, single-sideband
pump powers between 160-190 mW. Note that the comb
line corresponding to the pump laser is graphically sup-
pressed for compact display of the data. Each spectrum
features two prominent dispersive waves on either side
of the pump laser. The long-wavelength DW’s (LDW)
are in the telecom C/L band and the short-wavelength
DW’s (SDW) are in the NIR 780 nm band. The LDW
and SDW are plotted versus RW in Fig. 2(b) as hollow
red and blue diamonds, respectively. For comparison, we
also present DW frequency measurements obtained with
blue-detuned chaotic combs (solid circles). This thor-
ough and unique comparison of microcomb spectra is en-
abled by precision fabrication of numerous devices and re-
liable soltion microcomb generation. Our measurements
of the DW frequencies agree with our designs, which are
based on finite-element calculations of Dint (open cir-
cles), using accurate Sellmeier coefficients for SiN [39]
and silica [40] and a fabrication precision that we assess
to be ∼20 nm. The predictability of dispersive wave fre-
quencies enables placement of dispersive waves on the

targeted Rb resonances, as shown in the zoom-in plot in
Fig. 3(c).
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FIG. 3. Soliton coherence measurements. (a) The filtered and
amplified long-wavelength DW before (black) and after (red)
being sent to electro-optic phase modulators. A heterodyne
beat is made at the wavelength marked with an arrow to
evaluate fluctuations in THz comb mode spacing. This beat
is shown in (b). (c,d) Heterodyne beats of each DW with
a low-noise auxiliary laser: (c) LDW at 1563 nm and (d)
SDW at 777.3 nm. The traces (b) through (d) are taken
with resolution bandwidth 1 kHz, 100 kHz, and 300 kHz,
respectively.

We measure the repetition frequency of the soliton
microcomb by electro-optic modulation of the LDW
near 1550 nm. Such measurements are shown for the
RW=0.83 µm device in Fig. 3. This procedure creates a
low frequency <100 MHz optical heterodyne beatnote
fbeat that represents the 0.999291 THz repetition fre-
quency. To facilitate these measurements, we use optical
filters to isolate the dispersive waves near 1550 nm and
780 nm. The long-wavelength DW is amplified with a C-
band erbium-doped fiber amplifier (EDFA), filtered, and
sent to two electro-optic phase modulators operating in
series and driven at feo ≈ 16.65 GHz to create many co-
herent sidebands around each comb tooth [41]. We detect
fbeat by photodetecting the phase modulation sidebands
nearly in between the two soliton microcomb modes,
allowing the repetition frequency to be determined via
frep = 60 · feo + fbeat. A narrow optical bandpass filter
selects the desired interfering modes (marked with an ar-
row in Fig. 3(a)) before photodetecting fbeat. The highly
coherent beat obtained from this measurement (shown in
Fig. 3(b)) confirms low-noise soliton operation.

We evaluate the frequency noise on individual comb
modes by recording optical heterodyne beats between the
soliton comb and an auxiliary low-noise CW laser. We
focus on large comb mode numbers at a large frequency
offset from the 1064 nm pump laser, which are interest-
ing to test since they are most sensitive to multiplica-
tive noise of the comb. A C-band external cavity diode
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laser is heterodyned directly with the long-wavelength
DW near 1563 nm, and it is also frequency doubled in
a bulk periodically poled lithium niobate crystal for the
short-wavelength DW near 777.3 nm. For both hetero-
dyne beatnotes, which are shown in Figs. 3 (c) and (d)
for the long- and short-wavelength DW, respectively, we
observe linewidths of a few megahertz that we associate
with the linewidth of the soliton microcomb modes. This
is reasonable considering that the free-running repetition
rate has a frequency linewidth of ≈5 kHz and the comb
modes we characterize in Figs. 3 (c) and (d) are ≈100
modes from the pump.

We note that the DW wavelengths were chosen in
this case to be near-harmonic to facilitate f -2f refer-
encing. For this particular device, the offset frequency
f0 is ≈ 80 ± 1 GHz. While such a high frequency makes
a direct electronic measurement of f0 challenging, in fu-
ture designs we would systematically vary the resonator
radius in steps of ≈ 10 nm to create a specific device that
satisfies the condition f0 ≤ 20 GHz [20].

IV. THERMO-OPTIC FINE TUNING

We finely shift the absolute frequencies of the soliton
comb modes beyond the level provided by nanofabrica-
tion process control, using thermo-optic tuning of the res-
onator. This approach combines the high optical power
per mode of DKS combs with the high spectral resolution
typical of lower repetition rate combs [42]. The tempera-
ture of the chip is set with a PID-controlled thermoelec-
tric heater; see Fig. 1 (b) for the setup. Fig 4 (a) and (b)
analyze the thermal tuning of solitons created in RW =
0.87 µm resonators (second to last panel in Fig. 2 (a) and
(c)). Comb modes near 778 nm have a measured tuning
coefficient of -5.48 GHz/ ◦C which is sufficiently large to
access the Rb 2hν and D2 resonances at chip tempera-
tures of ≈ 37 and ≈ 44 ◦C respectively; see Fig. 4(a).
The change in the comb modes power between these two
temperatures is associated with hysteresis in switching
behavior between distinct operating regimes of the single
soliton pulse. This behavior is attributed to interference
between phase dependent, extended CW background and
DW intensities similar to recent theoretical [30] and ex-
perimental work [43] and will be explored in more detail
in future work. The measured linear thermal tuning of
the soliton repetition rate of 15.86±0.34 MHz /◦C shown
in Fig. 4 (b) amounts to a fractional change of ≈ 16 ppm
on the 1.0 THz spacing. This is in reasonable agreement
with measured thermo-optic coefficients of bulk silicon
nitride at 20 to 30 ppm [44]as well as experimental mea-
surements on resonators pumped at 1550 nm [45], with
potentially a weak component from thermal expansion of
the ring geometry with the same sign [46]. Temperature
variations in the offset frequency can be approximated by
df0
dT =

(
dng

dT − dnp

dT

)
fp
ng

where np and ng are the phase and

group indexes of refraction and fp is the pump frequency

[45]. Because
dng

dT and
dnp

dT are of similar magnitude tem-

perature variations have a comparatively small effect of
f0. In future work we plan to incorporate integrated
heaters [45, 47], which will reduce the overall electrical
power consumption.

333.0 333.5 334.0 334.5 335.0 335.5 336.0 336.5 337.0
-65

-60

-55

-50

-45

-40
Cs D1

S
p
e

c
tr

a
l 
P

o
w

e
r 

(d
B

m
)

Frequency (THz)

 RW=0.81

 RW=0.83

 RW=0.85

 RW=0.87

 RW=0.89

25 26 27 28 29 30 31

-80

-60

-40

-20

0

Temperature (C)

f r
e
p
 -

 9
9
9

,2
9
5
 (

M
H

z
) 

-15.86 MHz/oC

383.5 384.0 384.5 385.0 385.5

-65

-60

-55

-50

-45

Rb 2POCRb D2

O
p

ti
c
a

l 
p

o
w

e
r 

(d
B

m
)

Frequency (THz) 

 T = 23C

 T = 25C

 T = 30C

 T = 37C

 T = 44C

 T = 55C

(a) (b)

(c)
ΔT= 50oC
Tuning Range

FIG. 4. Thermo-optic tuning of soliton spectrum. (a) The
thermal tuning of two modes of the soliton spectrum across
the Rb two-photon and Rb D2 transitions. (b) The repetition
rate of the soliton can also be thermally tuned. (c) Overlay
of the spectra presented in Fig. 2 plotted over the range
from 333 to 337 THz. Note that any arbitrary frequency can
be reached with the current RW sweep and a 50 ◦C thermal
tuning range.

Through both lithographic variation in resonator di-
mensions and thermo-optic tuning, we exert comprehen-
sive frequency control over the SiN comb. A typical chip
used in this study contains 70 devices, which is sufficient
to include combinations of fine resonator width and gap
sweeps for desired dispersion and coupling. A modest
∆T = 50 ◦C thermal-optic tuning of the chip is sufficient
to place a comb line onto any desired wavelength within
the design bandwidth of the resonators. For example,
to probe the cesium D1 transition, we can select a de-
vice with RW=870 nm or 890 nm, and thermally tune
the modes toward lower frequency to align to the desired
transition, as shown in Fig. 4(c).

V. CONCLUSION

We have presented Kerr-soliton frequency combs oper-
ating in the near infrared using silicon nitride microres-
onators. Dispersion engineering of the resonator waveg-
uide provides octave bandwidth through the emission of
dual dispersive waves at predictable wavelengths on ei-
ther side of the pump laser. Further, our chosen design
wavelengths for the pump laser as well as both the long-
and short-wavelength DW’s offer significant advantages
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for future compact comb systems. Pumping at 1064 nm
allows for robust generation of low noise solitons using
fast frequency sweeps from standard electro-optic inten-
sity modulators. Full stabilization of the comb could be
straightforwardly accomplished by leveraging the LDW’s
position in the telecom C/L band using mature opti-
cal technology such as erbium amplifiers, efficient second
harmonic generators and optical modulators. The SDW
is ideal for applications requiring high power per mode
in the 760-900 nm NIR band. We have demonstrated
the flexibility of our system by thermally tuning opti-
cal comb modes to continuously fill in wide bandwidths
across the near infrared, and onto Rb and Cs resonances.
This tunability will enable future experiments exploring
spectroscopy and metrology with atomic resonances.
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