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ABSTRACT: We demonstrate Kerr-frequency-comb gener-
ation with nanofabricated Fabry−Perot resonators, which are
formed with photonic-crystal-reflector (PCR) mirrors. The
PCR group-velocity dispersion (GVD) is engineered to
counteract the strong normal GVD of a rectangular wave-
guide, fabricated on a thin, 450 nm silicon nitride device layer.
The reflectors enable resonators with both high optical quality
factor and anomalous GVD, which are required for Kerr-comb
generation. We report design, fabrication, and characterization
of devices in the 1550 nm wavelength bands. Kerr-comb
generation is achieved by exciting the devices with a continuous-wave laser. The versatility of PCRs enables a general design
principle and a material-independent device infrastructure for Kerr-nonlinear-resonator processes, opening new possibilities for
manipulation of light. Visible and multispectral-band resonators appear to be natural extensions of the PCR approach.
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Optical-frequency combs are a revolutionary technology
for research ranging from optical spectroscopy1 and

metrology2 to optical communication.3 In particular, nano-
fabricated-frequency-comb systems would allow for widespread
application of frequency-comb techniques, enabled by scalable
fabrication. Kerr-microresonator frequency combs (micro-
combs) realized with integrated photonics are also likely to
be a potent propelling force for technologies such as optical
waveform generation,4,5 ranging,6 inertial navigation,7 and
LIDAR.8 A variety of microcomb systems, with diverse
materials and methods, are under active study.
Silicon nitride (Si3N4, hereafter SiN) is a thoroughly studied

material for micro- and nanophotonic applications due to its
low optical loss9,10 and compatibility with standard semi-
conductor manufacturing processes. Additionally, the SiN
platform is particularly advantageous for Kerr-frequency-comb
generation despite its modest index of refraction, because of its
high third-order nonlinearity.11,12 SiN does not suffer from
multiphoton absorption in the near-infrared like silicon.13 SiN
has seen rapid development in recent years, for applications
including low-power Kerr soliton formation,14 supercontinuum
generation,15,16 and portable, integrated frequency-comb
source.17

The challenge for Kerr combs in the ring resonator geometry
lies in control of group-velocity dispersion (GVD, or simply
dispersion). Typically, photonic waveguides with subwave-
length cross-section demonstrate normal GVD associated with
index guiding, and this inhibits phase matching of four-wave
mixing processes that are necessary for Kerr-comb generation.
To maintain anomalous dispersion, a thick SiN device layer is

often utilized, leading to challenges in fabrication due to
etching thick layers and high material stresses that lead to
cracking and low device yield.18 Additionally, the bulk SiN
material demonstrates strong normal dispersion at shorter
wavelength ranges,19 resulting in challenges for Kerr-comb
generation with visible light. Methods to alleviate such
constraints are under active development, including exotic
waveguide geometries20,21 and novel materials.22

In this article, we leverage sophisticated nanofabrication
capabilities applicable to SiN photonic devices to create
Fabry−Perot-type microresonators with photonic-crystal re-
flectors (PCRs). Kerr-comb generation can be achieved in
Fabry−Perot resonators, provided that a suitable dispersion
profile is engineered to enable phase matching.23 Photonic
crystals are periodic dielectric structures demonstrating
unprecedented capabilities to engineer optical properties
including group velocity24 and mode profile.25,26 PCR devices
offer targeted optical characteristics derived from nano-
photonic patterning, independent of the device layer thickness.
The PCR resonator technique offers wide control of
dispersion, perhaps enabling use of a wider range of
integrated-photonics material platforms for Kerr-comb gen-
eration and other nonlinear-optical applications. For applica-
tion in SiN devices proposed here, the requirement for a thick
device layer can be completely alleviated, and the optical
properties of such microresonators can be completely
controlled by single-layer lithographic patterning. Here we
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demonstrate high optical quality factor resonators with
engineered anomalous dispersion capable of generating Kerr
-frequency combs, based on patterned SiN with a 450 nm
thickness device layer.
The article is presented as follows: First, we provide an

intuitive concept for the PCR resonator Kerr combs, with
numerical design methods and a measurement plan; next, we
report the fabrication and characterization, followed by a
comb-generation experiment; finally, we propose possibilities
made available by the PCR technology, including designs for a
532 nm pumped visible-band comb.

■ DESIGN CONCEPTS
Figure 1(a) presents a conceptual picture of our PCR
resonators and their use for Kerr-frequency-comb generation.

The resonators are composed of two PCRs, and light is guided
between them by a waveguide. Resonator dispersion manifests
as a frequency dependence of the free-spectral range (FSR)
between adjacent resonances. The free-spectral range has the
form FSR = c/2ngL in a Fabry−Perot resonator, where ng is the
group index. In a Fabry−Perot-type resonator formed with
subwavelength cross-section photonic waveguides, strong
normal geometric dispersion arises from gradual concentration
of the optical field into the high-index waveguide region as the
wavelength is reduced, therefore increasing ng of the guided

optical mode. In such a normal-dispersion condition, FSR
decreases with increasing optical frequency. To counteract
decreasing FSR, the frequency-dependent effective cavity
length L can also be utilized as a engineerable parameter.
We design PCRs to effectively reduce the cavity length L with
increasing optical frequency. Specifically, a PCR can be
designed to reflect light at varying depth, with the highest
optical frequencies reflecting at the shallowest depth. This is
achieved by varying the local bandgap structures on the PCR
(gray-shaded areas in Figure 1(a)). The total GVD of a PCR
resonator is a combination of the PCR contribution and the
waveguide contribution, which scales directly with the
waveguide length. Therefore, we may adjust the total
dispersion simply by changing the length of the resonator.

■ OPTICAL CHARACTERIZATION

Figure 1(b) presents the experimental setup we use to
characterize both passive device properties, such as broadband
on-resosance transmission (c), and to observe Kerr-comb
formation (d). In particular, broadband transmission measure-
ments offer a rapid testing procedure to explore the parameter
space for PCR designs. We use an unseeded semiconductor
optical amplifier as a broadband light source, and a polarization
controller and lensed fibers are used to launch light onto the
silicon chip. The transmitted light is directly fed into an
optical-spectrum analyzer (OSA). The PCR resonators trans-
mit only on resonance, producing a low-background signal on
the OSA even for high-Q devices with line width smaller than
the resolution bandwidth of the OSA. Fitting the peaks of the
broadband spectra allows for rapid extraction of device
dispersion information. We are able to efficiently screen
through devices to find ones with the desired reflection band
wavelength and dispersion profile.
Selected PCR resonators are tested in detail with a tunable

laser for accurate determination of quality factor, Q, and
resonator external-coupling condition, shown in the inset of
Figure 1(c). We characterize the relative strength of the PCR
loss channels by measuring the resonance line width and
contrast for a variety of devices. We distinguish PCR losses
(absorption and scattering) from waveguide propagation loss
by measuring resonators with different intraresonator wave-
guide length and identical PCRs. These measurements indicate
a waveguide propagation loss of 1.2 dB/cm, which corresponds
to a Q of 243 000. We found the propagation loss to be
dependent on the PECVD and annealing conditions for the
oxide cladding and could be further optimized in future work.
We then analyze the resonance contrast for short devices with
varying PCR reflectivity to isolate transmission loss from total
device loss, obtaining a loss-limited Q of 107 000 for such
devices. Using QLoss

−1 = QScattering
−1 + QAbsorption

−1 , we extract an
estimation for the scattering-limited Q of 191 000, correspond-
ing to a finesse of 3700 for the 3.8 THz FSR short devices. The
scattering-limited finesse is in reasonable agreement with the
simulated finesse of 4000 for the nonchirped PCR. We
experiment with devices with proper dispersion and high Q
factors to create an optical-frequency comb from the PCR
resonators. The tunable laser is amplified with an erbium-
doped fiber amplifier (EDFA) to provide sufficient power to
bring the PCR cavities above the comb-generation threshold.
An example PCR Kerr comb, analyzed by the OSA, is shown in
Figure 1(d).

Figure 1. Overview of PCR Kerr-frequency-comb generation. (a)
Anomalous GVD engineering in PCRs, with the effective cavity length
L decreasing with increasing optical frequency, f 3 > f 2 > f1. (b)
Optical testing system, shown with both broad-band and single-
frequency light sources. (c) Broad-band transmission spectrum of a
device with chirped PCRs demonstrating a ≃20 THz bandwidth and
(c inset) laser sweep measurement of a resonance of a nonchirp PCR
device with Q = 132 000. (d) Frequency-comb generation by
pumping a device with amplified laser light of 1.6 W in the waveguide
(Q = 185 000, threshold = 0.75 W).
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■ PCR DESIGN THROUGH FINITE-ELEMENT
SIMULATIONS

Here we present the design procedure for PCR resonators.
There are two primary requirements to be satisfied by the
PCRs. First, the PCR must show sufficiently high reflectivity at
the design wavelength, as characterized by the finesse

=F FSR
FWHM

, where in the case of high PCR reflectivity R ≃
1, ≃ π

−F
R1
. Due to the relatively low index contrast between

SiN and SiO2, the maximum achievable reflective bandwidth of
a nonchirped, index-guided PCR cannot exceed that of a one-
dimensional (1D) quarter-wave stack of the same index
contrast. In the case of SiN and SiO2, the bandwidth is limited
to 20% of the center frequency (38 THz) without chirping.
The limited guided-mode index and bandgap size also impose
a limit on the minimum number of unit cells required to
achieve a desired reflectivity, creating a minimum PCR length
and potentially limiting the range of group dispersion. In
practice, we numerically explore for the optimum design of
PCR bandwidth, reflectivity, and dispersion.
Second, the PCR must generate anomalous group-delay

dispersion (GDD) in the target wavelength ranges. For ease of
comparison, the GDD will be converted to an effective GVD
over the in-resonator waveguide by GVD = GDD/L. The
PCRs are composed of subwavelength unit cells, whose
geometry determines the local reflection band of the crystal,
shown in Figure 2(a). A PCR is then built from a stack of
continuously varying cells. Finite-element method (FEM)
tools are employed to explore the parameter space of unit-cell
geometry and the reflection and transmission characteristics of
a stack of multiple cells.
Figure 2 presents our design process for PCRs to satisfy the

requirements for Kerr-comb generation. A typical unit cell
dispersion curve is plotted for the 1D Brillouin zone in Figure
2(a), with its geometry and electric field patterns shown in
panel (i−iii). Strong reflection is achieved by creating a
photonic bandgap, a frequency range where no guided
propagation mode exists. The bandwidth and center of the
bandgap can be rapidly simulated with a FEM eigenfrequency
solver in full 3D, since the simulation volume contains only
one unit cell. We rapidly map the bandgap placement as a
function of unit-cell geometries using this method. The unit-
cell parameters are then used as components to design
reflectors made from a stack of varying cells. A typical reflector
begins as an unpatterned waveguide, and the photonic crystal
is introduced by adiabatic onset of modulation to the local
width of the waveguide. For simplicity, we use a linear tapering
scheme for the adiabatic onset, where the parameters such as
the waveguide width, modulation amplitude, and lattice
constant are varied linearly with the tapering parameter η:

η η⃗ = ⃗ + ⃗ − ⃗v v v v( ) ( )0 1 0

where v ⃗ represents the list of unit-cell geometry parameters.
The local bandgap of such a taper is shown in Figure 2(b),
where the unit cell continuously transforms from a waveguide
with width = 750 nm and lattice constant = 430 nm (η = 0) to
the nominal cell of minimum width = 200 nm, lattice constant
= 480 nm, and modulation peak amplitude of 875 nm (η = 1).
The geometry is designed so that high optical frequencies
reflect at shallower depth in the taper and also to ensure the
absence of localized resonance modes inside the reflector itself.
The latter means that no frequencies pass through two

disjointed sections of bandgap on the tapering profile. We also
design PCRs with chirped nominal parameters. The scale
invariance of Maxwell’s equations indicates that a change in
reflection wavelength range λ → ξλ can be achieved by scaling
all geometry parameters by v ⃗ → ξv.⃗ In practice, this is carried
out for all parameters except the device layer thickness. This
chirping scheme enables sweeping of bandgaps over a larger
total bandwidth. The local bandgap of this chirped mirror is
plotted in Figure 2(c), using the following parameters: the
PCR begins with a 750 nm width unpatterned waveguide and a
nominal lattice constant of 405 nm. The PCR onset is

Figure 2. (a) Band structure of the nominal photonic crystal, where a
= 450 nm is the lattice constant. At higher frequencies, the upper
band (red) couples to free-propagating continuum and is no longer
guided. The profiles of (i) the nominal unit cell, minimum width w =
200 nm and modulation A = 875 nm, and the (ii) upper and (iii)
lower band electric field are also shown. (b) Local band structures of
an adiabatic taper from ordinary waveguide to photonic-crystal
reflector. (c) Local band structure of a chirped photonic crystal
reflector. (d) Calculated resonator finesse, simulated transmission for
a 250 μm resonator, and (e) the group delay dispersion associated
with the PCR.
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introduced linearly to the nominal dimension of 200 nm
minimum width with 875 nm peak-to-peak modulation
amplitude at a lattice constant of 455 nm. Then the lattice
constant is chirped to 505 nm with the unit cell scaling in the
aforementioned manner. The desired anomalous dispersion
engineering can be achieved by using either the adiabatic
tapering or chirping, or a combination of the two. In the range
of parameters we numerically explored, we found the highest
simulated finesse to be from nonchirped PCRs. Therefore, the
majority of comb-generation devices use the nonchirped
design in this study.
With a design in hand, the sweeping trajectory in the

parameter space is realized with a finite number of sites, and
the resulting stack geometry is simulated in 3D to extract the
complex transmission and reflection coefficients of the PCR.
With sufficiently slow sweeping of geometry, the scattering loss
due to group index and mode profile mismatch can be
adiabatically suppressed.27 A typical simulated finesse curve
and an expected transmission are show in Figure 2(d), using
the parameters for nonchirped PCR stated previously, with a
30-site tapering, a 10-site nominal PCR unit cell, and 10-site
output taper. The reflection coefficient is calculated using a
commercial FEM tool (COMSOL Multiphysics) in 3D. The
finesse and resonances are then calculated numerically using
Matlab approximating the system as a Fabry−Perot resonator
with 250 μm length. The trace shows a series of resonances
with strong suppression of off-resonance transmission in the
target bandwidth from 190 to 200 THz, where anomalous
GDD of ≃−2000 fs2 is generated.

■ PCR-RESONATOR NANOFABRICATION

We fabricate PCR resonators by the process flow in Figure
3(a). We acquire silicon wafers with thermally grown silicon
dioxide for a cladding layer, and the silicon nitride device layer
is grown with low-pressure chemical vapor deposition
(LPCVD). We choose a device layer thickness of 450 nm to
specifically allow for conventional, single-step LPCVD
processing and subsequent nanofabrication without the need
for stress-relieving patterns,18,28 annealing steps between
multiple LPCVD runs,19 or other steps necessary to process
thick SiN films. The devices are patterned using electron-beam
lithography (EBL) and transferred into the device layer using a
fluorine-based reactive ion etching (RIE) process. The patterns
for the EBL step are adjusted empirically to compensate for
dimension changes during pattern transfer, enabling us to
fabricate devices in good agreement with the design geo-
metries. We apply a top cladding layer of silicon dioxide, using
a plasma-enhanced chemical vapor deposition (PECVD)
process, as fully oxide-clad devices enable more efficient
input power coupling using lens fibers. Top cladding also
makes the devices more robust against contamination. We
perform a high-temperature annealing step of 900 °C for 3 h to
improve the optical quality of the PECVD oxide after
deposition, and we observed up to a factor of 3 reduction of
the optical absorption.
To separate chips from the fabrication wafer, we use deep

reactive ion etching, which also enables us to fabricate inverse
taper bus waveguides, which terminate at the chip facets for
high fiber-to-chip coupling efficiency. Overall, we fabricate
chips with hundreds of PCR resonator devices, and lensed fiber
coupling to the chip devices offers 3.5 dB insertion loss per
facet.

■ PCR-RESONATOR GVD DESIGN AND
CHARACTERIZATION

We have carried out a detailed set of simulations to
demonstrate GVD engineering in our PCR resonators. With
the thin SiN device layer in this study, the total effective GVD
is a competition between the normal dispersion of the
waveguide and the anomalous effective dispersion of the
reflectors. As the length of the resonator is increased, the total
effective dispersion continuously varies from strongly anom-
alous from the reflectors to normal dispersion of the
waveguides. Here we engineer the anomalous PCR dispersion
using the aforementioned tapering and chirping methods.
Following the method mentioned previously, in the following
discussion we average the GDD of the PCR over the in-
resonator waveguide length. A set of simulated traces
demonstrating such dispersion change is plotted in Figure
4(a). Here, the design goal is to form a range of controlled
anomalous dispersions around the 1550 nm wavelength band.
The resonator length is swept to demonstrate the dispersion
balancing, where a near-zero dispersion is predicted at a length
of 700 μm.
We can systematically vary the dispersion setting by the

tapering condition, with a longer taper resulting in larger
anomalous dispersion. Our simulations indicate that a range of
dispersion is achievable by this method, although constraints
exist from the desire to also achieve high resonator finesse and
efficient resonator coupling. Specifically, a taper that is too
short in length is no longer adiabatic and causes scattering loss
and reduces finesse, while one that is too long results in a

Figure 3. (a) Fabrication process steps include e-beam lithography,
pattern transfer by RIE, cladding using PECVD oxide, and chip
separation with deep RIE. (b) Stitched-together full view of a
resonator and (c) zoom-in image of a photonic crystal reflector using
SEM.
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reflector with insufficient transmission, hence undercoupling
the resonator. For future designs, the restriction associated
with insufficient PCR transmission can potentially be alleviated
by evanescent coupling the bus waveguide directly to the in-
resonator waveguide in a manner similar to the ring resonator
case. The strength of normal dispersion of the waveguide
section depends on the waveguide width, which can also be
varied as a design parameter.
To put PCR-resonator dispersion engineering into practice,

we fabricated a series of devices that feature a systematic GVD
variation; see Figure 4(b,c). In particular, we design sweeps in
device length to demonstrate the counterbalancing of wave-
guide and reflector dispersion. Transmission measurements
using a broadband source, here a supercontinuum source29 for
better measurement bandwidth, allow us to characterize the
GVD in detail. The reflecting PCR resonators only transmit
light on resonance; therefore the transmission as measured by
the OSA comprises a set of narrow peaks; the resulting spectra
are shown in Figure 4(b). We identify the frequency of the
resonances by finding the peaks of the transmitted power, then
calculate the resonator dispersion profiles Dint, shown in Figure
4(c). The dispersion profiles demonstrate the predicted
gradual transition from strong anomalous dispersion for the
L = 100 μm to normal dispersion for the longest L = 1000 μm
case, with the zero-dispersion occurring near L = 700 μm.

■ PCR-RESONATOR KERR-COMB GENERATION
A demonstration of Kerr-frequency-comb generation with
PCR resonators is shown in Figure 5. In these experiments, we
use a device length of Lc = 250 μm, which is within the range
described in the previous section. The loaded quality factor of
the device is ≥105. The specific dispersion parameters of the
device are characterized by D2 = −c/n × β2 × FSR2 ≈ 2π ×
0.45 GHz/mode, where β2 is the second-order GVD, and the

integrated dispersion = +D m O m( )D
int 2

2 32 , where m is the

mode index; see Figure 5(a). We amplify the continuous-wave
(CW) pump laser and couple up to 1.6 W onto the chip
containing the first PCR. At the parametric-oscillation
threshold (as low as 0.75 W on-chip), we observe the

formation of a Kerr comb excited from vacuum noise in the
modulation instability regime.
Figure 5(b,c) show the evolution of comb generation,

operationally, as we increase the in-resonator power by tuning
the CW laser onto resonance. We observe Turing-pattern
generationso-called primary combin modes ±2 FSRs
away from the pump mode. Harmonics of the primary comb
lines become populated with increasing in-resonator power,
shown in Figure 5(b). We also observe filling-in of the comb
lines to form a full 1-FSR (268 GHz) comb, given sufficient
power, shown in Figure 5(c). The elevated background noise
level in this figure is the amplified spontaneous emission noise
from the amplifier used with the CW laser. The comb
generation unambiguously verifies the creation of anomalous
dispersion in the PCR resonators. The kinds of Turing patterns
that we observe are the fundamental process of any Kerr
microresonator. Our experiments show the opportunity to
systematically vary the optical-mode spacing of Turing
patterns, which offers functionality to generate millimeter-
wave electronic signals through photodetection. Moreover,
access to Turing patterns offers the possibility for optical-
parametric amplification processes of external fields injected to

Figure 4. (a) Calculated Dint and total dispersion for cavities with a
chirped photonic crystal reflector and 500 nm width waveguide of
varying length. (b) Measured broadband transmission spectra of
chirped reflector and 750 nm width waveguides of varying length,
where the FSR are 70, 98, 184, and 484 GHz from panel one (top)
through four (bottom), and (c) measured Dint from resonance
frequencies demonstrating transition from anomalous to normal
dispersion. The simulated traces with chirped PCR and 750 nm width
waveguide corresponding to the devices in (c) are overlapped for
comparison.

Figure 5. (a) Calculated integrated dispersion Dint relative to the
pumped mode at 1550 nm. Here the device reflection band is chosen
to be off-center from the pump to achieve the desired coupling
condition, leading to the asymmetric shape in Dint. (b) Onset of
primary comb and (c) filling to a full comb with increasing pump
detuning. We note that traces in (b) and (c) were measured from two
different devices. The PCRs are nonchirped with a 30-cell tapering
and 10-cell nominal reflectors. The in-resonator waveguide is 750 nm
in width and 250 μm in length, resulting in a 267 GHz FSR. The
lattice constant tapering is (b) 430 to 480 nm and (c) 435 to 485 nm,
and the pump mode quality factors are (b) 102 000 and (c) 142 000,
resulting in threshold powers of (b) 1.62 W and (c) 0.92 W. The
filled-in trace in (c) is taken at 1.6 W.
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the PCR resonator and related optical-wavelength translation
processes. In future device fabrication iterations, we plan to
target higher Q factors that can both lead to lower threshold
and potentially access Kerr-soliton generation.

■ FUTURE PROSPECTS
We would like to emphasize that a significant advantage of
PCR-based resonators is the decoupling of device layer
configuration from dispersion engineering. To demonstrate
this capability, we utilize the same design principle as the 1550
nm band devices described above to create anomalous
dispersion for multiple wavelength bands. An interesting case
is shown in Figure 6(a,b), where anomalous dispersion is

created around 532 and 1064 nm wavelength ranges, using a
shared SiN device layer thickness of 450 nm. The strong
anomalous dispersion of the PCR is sufficient to balance the
typically strong normal dispersion of materials in the visible
ranges. The capability to engineer dispersion profiles
independent of device layer enables integration of multiple
wavelength band devices onto the same chip. Taking this
concept further, we point out that the PCR is transparent to
frequencies below its bandgap, making it possible to build
cascaded reflectors like the case shown in Figure 6(c). Silicon
nitride has low absorption for both 1550 and 1064 nm
wavelengths, enabling dual-wavelength design. The simulated
finesses for the 1064 and 1550 nm modes are 4100 and 170,
respectively. The optimization for the 1064 nm PCR is more
challenging, as it must simultaneously provide desired
dispersion properties while minimizing scattering loss for the
1550 nm mode. Multifrequency cascaded resonators as such
can potentially provide enhancement for second- or third-
harmonics generation or facilitate interlocked combs between
different wavelength ranges.20 The PCR resonators provide
flexibility in dispersion control beyond conventional ring and
disc resonators and make available dispersion parameter ranges
previously difficult to reach.

■ CONCLUSION
We have presented on-chip Fabry−Perot-type resonators with
tailored dispersion based on PCRs, providing a pathway
toward integrated photonics frequency comb generation.
Conceptually, the PCRs are the microscopic analogy of
chirped dielectric stack mirrors, capable of producing
anomalous dispersion based on their geometry, independent
of the device layer configuration. We designed and fabricated
PCR resonators based on a SiN device layer and standard
fabrication techniques. Using a broadband light source and an
OSA, we were able to directly verify the dispersion profile of
such resonators. Anomalous dispersion of varying strength is
created in a 450 nm thickness device layer, which is challenging
to achieve with conventional ring resonators. We also
demonstrated frequency comb generation in these devices.
The PCR cavities provide versatile capabilities in dispersion
engineering and should enable construction of on-chip
frequency comb sources for a wide range of design wave-
lengths.
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