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Microresonator-Based Optical
Frequency Combs

T. ]. Kippenberg,>3* R. Holzwarth,?? S. A. Diddams**

The series of precisely spaced, sharp spectral lines that form an optical frequency comb is
enabling unprecedented measurement capabilities and new applications in a wide range of topics
that include precision spectroscopy, atomic clocks, ultracold gases, and molecular fingerprinting.
A new optical frequency comb generation principle has emerged that uses parametric frequency
conversion in high resonance quality factor (Q) microresonators. This approach provides access to
high repetition rates in the range of 10 to 1000 gigahertz through compact, chip-scale integration,
permitting an increased number of comb applications, such as in astronomy, microwave
photonics, or telecommunications. We review this emerging area and discuss opportunities that

it presents for novel technologies as well as for fundamental science.

the “light gear” that enables a reliable and

accurate means of counting optical cycles
on the femtosecond (107'° s) time scale, as re-
quired for the realization of optical clocks (3).
The accuracy of such clocks is now measured to
the 18th digit, exceeding the performance of their
microwave counterparts by more than an order of
magnitude (4). This development involves the
measurement of the energy structure of atoms at
an unprecedented level, allowing some of the
most precise laboratory tests of the physics gov-
erning these systems (9, 6). Beyond their use in
optical clocks and precision spectroscopy, frequen-
cy combs have found widespread use in various
emerging research areas, including attosecond
pulse generation, ultraviolet and infrared (IR)
spectroscopy (7-9), precision distance measure-
ment (/0), remote sensing, optical waveform (/7)
and microwave signal synthesis (/2), and astro-
nomical spectrograph calibration (3, /4). These
applications all benefit from the broad spectral
coverage of the precisely controlled frequency
components that constitute the optical comb.

To date, most of these applications have been
realized with optical frequency combs based
on femtosecond lasers—principally Ti:sapphire,
Er:fiber, and Yb:fiber mode-locked lasers. Al-
though fiber lasers have enabled optical frequency
combs to evolve into a robust turnkey and com-
mercial technology, for many interesting appli-
cations it would be advantageous to further reduce
the footprint and at the same time to increase the
repetition rate into the frequency range above 10
GHz. In recent years, a new comb generation prin-
ciple has emerged that uses parametric frequency

The optical frequency comb (/, 2) provides
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conversion in compact optical microresonators
(15). This approach may provide a new genera-
tion of combs that enable planar integration and
may permit a direct link from the radio frequency
(RF) to optical domain on a chip.

Principles of Frequency Combs

It is instructive to briefly review the fundamental
principles of optical frequency combs based on
mode-locked lasers (, /6). The frequency do-
main spectrum of the output of a mode-locked
laser constitutes an optical frequency comb. The
comb arises from the periodic train of pulses emitted

»
A

A

from such a laser (Fig. 1A). The spacing of the
comb modes is given by the repetition rate (f;)
of the laser, which is the inverse of the time re-
quired for an optical pulse to circulate through the
laser cavity. Successive pulses emitted from a
mode-locked laser are not generally identical.
The difference between phase and group velocity
in dispersive media inside the laser cavity causes
the pulse envelope to slip with respect to the car-
rier phase from pulse to pulse (Fig. 1A inset), lead-
ing to a global offset of the frequency comb ( f;).
Correspondingly, the frequencies of the optical
modes are then given by f;, = f, + n X f;, where n
is a large integer mode index (e.g., n ~ 10° for
=100 MHz and an optical frequency f; ~ 10'* Hz).
Measurement and frequency control of f; and f;
(17-19) therefore provide a direct phase-coherent
link between optical and RF domains, which is
the basis of many frequency comb applications.

Frequency Comb Generation
Using Microresonators

Combs can also be produced from a continuous
wave (CW) laser through the nonlinear optical
process of parametric frequency conversion (Fig.
1, B and C) in optical microresonators (/5) that
trap and confine light in small volumes and there-
by enhance the light intensity and nonlinear inter-
action (20). An important class of microresonators
are whispering gallery mode (WGM) resonators—
such as microdisks, microspheres, microtoroids,
or microrings—which confine light by total
internal reflection around the perimeter of an
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Fig. 1. (A) Time and frequency domain representation of an optical frequency comb. The mode spacing is
given by the pulse repetition rate (f,), and the offset frequency (f,) describes the evolution of the carrier-
envelope phase A¢p = ¢, — ¢4, which is the difference in phase between the pulse envelope and carrier
between successive pulses (see inset). This phase difference (A¢) leads to a global offset of the frequency
comb given by f, = f, A¢/(2r). (B) Conventional frequency comb generators based on mode-locked lasers,
which—due to their pulsed operation—emit a comb of optical frequencies. Mode-locked lasers typically
contain a gain medium (externally pumped, green arrow), a medium that induces mode locking (such as a
saturable absorber), and a laser cavity. (C) Schematic of the parametric optical frequency comb generation
method (25). The pump laser is part of the optical comb and injected into a resonator. Although a linear
resonator cavity is shown here, in many situations, the resonator comprises a whispering-gallery mode
microresonator. In contrast to the laser oscillator that has its gain medium pumped into an excited state and
emits photons via stimulated emission, in the parametric oscillator the XG) nonlinear material has no energy
storage but acts to convert two pump photons into signal and idler photons through virtual energy levels.
This process is mediated by the intensity dependent refraction index n, (also termed Kerr coefficient).
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air-dielectric interface. It has been first demon-
strated in optical microspheres (27) that ultra-
high Q resonances (>100 million) can be attained
(where O = wr, the resonance quality factor, with
1 denoting the photon storage time and ® the
optical angular frequency). This ultrahigh Q fac-
tor results in long interaction lengths and can lead
to extremely low thresholds for nonlinear optical
effects (sub micro-Watt power level). The optical
WGM resonances correspond to an integer num-
ber of optical wavelengths (the mode index n)
around the microresonator’s perimeter and are
separated by the free spectral range (FSR), that is,
the inverse round trip time in the cavity (Fig. 2C).

In the case of resonators made of fused silica,
silicon, or crystals that exhibit inversion sym-
metry, the elemental nonlinear interaction is third-
order in the electric field, which gives rise to the
process of parametric four-wave mixing (FWM).
This frequency conversion process originates
from the intensity-dependent refractive index,
no + 1% ny, where n, is the Kerr coefficient, n
is the linear refractive index, and 7/ denotes the
laser intensity. When a microresonator made
from a third-order nonlinearity material is pumped
with a CW laser (Figs. 1C and 2A), this para-
metric frequency conversion will annihilate two
pump photons (with angular frequency ;) and
create a new pair of photons: a frequency up-
shifted signal (), and a frequency downshifted
idler (). The conservation of energy (2 1 ®, =
B o; + h oy, where /i is the reduced Planck con-
stant) implies that the frequency components are
equally spaced with respect to the pump (i.e., 05 =
o, + Q and o; = 0, — Q, where 2Q is the fre-
quency separation of the two new sidebands). If
the signal and idler frequencies coincide with
optical microresonator modes (Fig. 2C), the para-
metric process is enhanced, resulting in efficient
sideband generation. Momentum conservation is
satisfied in this process, since the WGMs have a
propagation constant f= n/R (where n is the
mode index and R the resonator radius) such that
2B, = Bs + Bi for symmetrically spaced modes
[i.e., signal and idler modes differing by an equal
amount (Fig. 2C)].

The generated sidebands have a defined phase
relationship, that is, the relative phases of signal
and idler with respect to the pump are fixed. If the
scattering rate into the signal and idler modes
exceeds their respective optical cavity decay rates
(x) (Fig. 2C), parametric oscillation occurs, lead-
ing to symmetric sidebands that grow in intensity
with increasing pump power. Although these ef-
fects are well known in nonlinear optics, such a
process was demonstrated only recently in silica
(22) and crystalline (23) microresonators. The ad-
vantage of microresonators is that the thresh-
old for initiation of parametric oscillation can be
strongly reduced, because the threshold scales
with the inverse Q factor squared, implying that
high Q can give a dramatic reduction in required
optical power.

Parametric oscillations can also lead to spectra
that contain multiple sidebands. The spectral band-
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Fig. 2. Principle of optical frequency comb generation using optical microresonators. (A) An optical
microresonator (here, a silica toroid microresonator) is pumped with a CW laser beam. The high intensity
in the resonators (~GW/cm?) gives rise to a parametric frequency conversion through both degenerate
and nondegenerate (i.e., cascaded) FWM. Upon generation of an optical frequency comb, the resulting
beatnote (given by the inverse cavity round-trip time) can be recorded on a photodiode and used for
further stabilization or directly in applications. (B) Optical frequency comb spectrum, which is char-
acterized by the repetition rate (f,) and the carrier envelope frequency (f,). In the case of a microresonator-
based frequency comb, the pump laser is part of the optical comb. The comb is generated by a combination
of degenerate FWM (process 1, which converts two photons of the same frequency into a frequency
upshifted and downshifted pair of photons) and nondegenerate FWM (process 2, in which all four photons
have different frequencies). The dotted lines indicate degenerate FWM into resonator modes that differ by
more than one mode number. The presence of cascaded FWM is the underlying process that couples the
phases of all modes in the comb and allows transfer of the equidistant mode spacing across the entire
comb. (€) Schematic of the microresonator modes (blue) and the frequency comb components (green)
generated by pumping a whispering-gallery mode with a pump laser. The mode index (n) refers to the
number of wavelengths around the microresonator’s perimeter. The FWM process results in equidistant
sidebands. The bandwidth of the comb is limited by the variation of the resonator’s free spectral range (A,)
with wavelength due to dispersion (shown is the case of anomalous dispersion).

width can be increased by two nonlinear pro-
cesses (Fig. 2B). First, the pump laser can convert
pump photons to secondary sidebands, spaced by
multiple free-spectral ranges of the cavity (Fig.
2B). This degenerate FWM process would again
lead to pairwise equidistant sidebands. However,
the generated pairs of sidebands are not neces-
sarily mutually equidistant, that is, they are not
required to have the same frequency separation,
as is needed to form a comb.

On the contrary, in a second process, comb
generation can occur when the generated signal
and idler sidebands themselves serve as seeds for
further parametric frequency conversion, which
is also referred to as cascaded FWM (also termed
nondegenerate FWM because the two pump pho-
tons have different frequencies) (Fig. 2B). When
signal and idler sidebands have comparable pow-

er levels to that of the pump inside the cavity,
cascaded FWM is the dominant process by
which new sidebands are generated. This process
leads to the generation of equidistant sidebands,
that is, all generated frequency components have
the same separation from each other, giving rise
to an optical frequency comb.

Dispersion, the variation of the free spectral
range of the cavity with wavelength, ultimately
limits this conversion process and leads to a finite
bandwidth of the comb generation process be-
cause the cascaded FWM is less efficient once the
comb modes are not commensurate with the cav-
ity mode spectrum (Fig. 2C). Interestingly, how-
ever, the bandwidth of the comb is not entirely
determined by the dispersion of the microresonator
alone. Indeed, the nonlinear optical mode pulling
(22) that occurs due to the Kerr nonlinearity at
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high power plays an important role and thereby
extends the comb beyond the limits imposed
by dispersion alone (24).

An important aspect of the optical frequency
comb in metrology is the stabilization of the
comb repetition rate and carrier envelope frequen-
cy. Although microresonators do not feature any
moveable parts, high-speed control of both £; and
/: can be attained in an independent manner (25).
In particular, f; is directly accessible by varying
the pump laser frequency with respect to the cav-
ity mode. In contrast, the repetition rate can be
varied by use of the intensity-dependent round-
trip time of the cavity. Due to both thermal effects
(i.e., the change of refractive index due to heating
by absorbed laser power) and the Kerr nonlin-
earity, power variations of the laser are converted
to variations in the effective path length of the
microresonator and therefore change the mode
spacing of the frequency comb (25). By using
electronic feedback on both laser frequency and
laser power, a microresonator Kerr comb with a
mode spacing of 88 GHz has been fully frequen-
cy stabilized, with an Er:fiber laser-based fre-
quency comb serving as reference.

Experimental Systems: From Microtoroids
to Integrated Chip-Scale Combs

The requirements for optical comb generation
with a microresonator are a high Q cavity with
small mode volume that is made from a material
with a third-order nonlinearity and low disper-
sion. Examples of different resonators are shown
in Fig. 3D. Toroidal microresonators (26) were
the first system in which optical frequency comb
generation was demonstrated (/5). They consist
of a microscale silica toroidal WGM and can
attain Q factors in excess of 100 million (where O
is the product of optical angular frequency and
photon lifetime). Highly efficient coupling into
these planar devices can be achieved by using the
evanescent field of tapered optical fibers (i.e., fi-
bers whose diameter is less than, or on the order
of, an optical wavelength in diameter, as illus-
trated in Fig. 2A). Overcoupling, the regime where
the total cavity losses are dominated by useful
output coupling “loss” into the fiber waveguide,
has been achieved, which is important to attain
high conversion efficiency, as only outcoupled
comb components are detected. Using tapered
fiber coupling of ~100 mW pump power at 1550
nm, a 375-GHz repetition rate frequency comb
was attained with a spectral bandwidth exceeding
350 nm (/5). This broad bandwidth was achieved
with intrinsic dispersion compensation. A typical
WGM microresonator features normal disper-
sion (i.e., high optical frequencies propagate
slower than low optical frequencies), because a
high-frequency mode will have its field maxi-
mum closer to the cavity boundary than a low
frequency mode. This can be compensated with
the material dispersion of silica that exhibits op-
posite behavior leading to a zero dispersion wave-
length in the 1550-nm region. Pumping around
this wavelength leads to the creation of broad

frequency combs that can exhibit more than a full
octave (a factor of two in frequency), i.e., a span
from 1000 to 2200 nm in wavelength as shown in
Fig. 3A (24). That the emission indeed constitutes
an optical frequency comb has been verified ex-
perimentally using multiheterodyne spectroscopy
(9). The uniformity of the mode spacing was shown
to be better than 1 part in 10'7 (15). These devel-
opments in microresonator-based combs have there-
fore closely followed the early work in femtosecond
laser-based frequency combs, which was equally
focused to verify the comb modes’ equidistant
mode spacing at a similar level of precision (/).

A different class of resonators amenable to
optical frequency comb generation are crystalline
resonators (23). These are millimeter-scale reso-
nators, made by polishing a cylindrical blank, that
feature exceptional Q factors that exceed 10'°
and lead to an optical finesse >10". Input and out-
put coupling of light is achieved with evanes-
cent prismatic couplers, and optical frequency
combs with a mode spacing as low as 12 GHz
have been attained (27). This frequency is low
enough to be directly detected using a photo-
detector, and such microresonators have been
employed to generate microwave signals having
high spectral purity (25, 28).

In addition to whispering gallery microres-
onators, Fabry-Perot fiber-based cavities can equal-

REVIEW I

ly give rise to optical comb generation (29) by
using an interplay of the third-order nonlinearity
and Brillouin scattering. The Brillouin effect is
due to the scattering of a photon by an acoustic
phonon in the glass fiber and normally leads to a
reflected field with a lower frequency (shifted by
the phonon frequency of ~10 GHz in the case of
silica). Because the acoustic phonons in most
conventional materials (such as glass) are rapid-
ly damped, Brillouin scattering is normally a
phase-insensitive process. However, in the case
of strongly cascaded Brillouin scattering (and
in the simultaneous presence of FWM), even this
process can lead to the emission of a comb of
phase-locked frequency components.

Optical frequency combs have also been gener-
ated in more compact silicon photonic circuits that
integrate both resonator and waveguide on the
same chip. An important advance in this direc-
tion has been the recent demonstration of optical
frequency comb generation in integrated silicon
nitride (SiN) resonators (30) fabricated using ap-
proaches compatible with widespread comple-
mentary metal-oxide semiconductor (CMOS)
technology. Although the optical Q factor remains
many orders of magnitude lower (O = 10° to 10°)
than in the case of silica or crystalline resonators,
this is partially compensated for by the tight con-
finement of the field inside the microresonators
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Fig. 3. Microresonator-based frequency combs. (A) Spectrum of an octave-spanning frequency comb
generated using a silica microtoroidal resonator (24). (B) An optical frequency comb generated using a
crystalline CaF, resonator with a mode spacing of 25 GHz (27). (C€) Optical spectrum covering two-thirds of
an octave (with a mode spacing of 204 GHz) generated using an integrated SiN resonator (31). (D) Ex-
perimental systems in which frequency combs have been generated (from left to right): Silica waveguides on
a chip (Hydex glass) (32), chip-based silicon nitride (SiN) ring resonators (30) and waveguides, ultrahigh Q
toroidal microresonators (24) on a silicon chip, and ultrahigh Q millimeter-scale crystalline resonators (27).
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(Fig. 3) and the fact that SiN ex-
hibits a third-order nonlinearity of
n=2.5 x 10'° cm®/Watt, which is
approximately one order of mag- I

Astronomy

Waveform

Spectroscopy ]
ey g€NEration

Optical clocks Telecommunication

pler shifts in stellar spectra have led
to the discovery of several hundred
exoplanets over the past 15 years.
Still, the detection of an Earth-like

nitude larger than that of silica or

planet within the habitable zone of a

crystalline materials such as CaF,
or MgF,.

The main benefit of this ap-
proach is that it is fully planar and
offers considerable flexibility, such
as access to dispersion engineering
through suitable resonator coatings.
Moreover, this approach allows di-
rect integration of the waveguide
on the same chip-scale platform pro-
viding a means to fabricate a com-
pact packaged device. Using an
integrated SiN resonator, optical

0.1

Fractional bandwidth (AA/A)

1E-3

distant star has been elusive. This is
due in large part because the Dop-

Semiconductor
Harmonic fiber
Solid state with sat. abs.

joctave pler shift imparted by such a planet
SiAOZ corresponds to a radial velocity of
toroid ~10 ci/s, nearly an order of magni-
tude smaller than current detection

] 3%2 limits. The ability to measure Dop-
1 sehere  pler shifts near 1 cm/s may possibly
SpN allow direct observation of the ac-

13Ng4

celeration of the expansion of the
< universe (/3). Although astronomical
CaF2  gpectroscopy with precision ap-
proaching 10" requires numerous

HNLF

frequency comb generation has re-
cently been demonstrated in this
manner (37). As shown in Fig. 3,
two-thirds of an octave with mode
spacing of 204 GHz could be at-
tained when pumping at 1550 nm
with 300 mW of CW power (31).
In addition, parametric comb gen-
eration has been demonstrated with
another planar integrated resonator
using a doped silica glass (Hydex)
(32) that is also CMOS compatible
and exhibited even higher optical
O factors(>10°).

Planar integration of a frequen-
cy comb is a considerable advance
(30-32), but it is only part of a much broader class
of systems that can be envisioned. In addition to
high Q factor cavities and highly efficient coupling
techniques, recent advances in silicon nanophotonics
(33) have provided on-chip high-speed photodetec-
tors, Raman lasers, modulators, and parametric
gain (34). However, FWM near 1550 nm in silicon
waveguides suffers from two-photon absorption,
which induces optical loss. Thus, more efficient
optical frequency comb generation in silicon could
be expected in the range >2.2 microns, which is
below half the bandgap energy for silicon, sup-
pressing two-photon absorption.

Emerging Applications for Microresonator
Combs with High Repetition Rate

Frequency combs with high repetition rates (e.g.,
10 to 1000 GHz) are desirable for a number of
applications (Fig. 4), but generation is challeng-
ing with conventional mode-locked laser-based
frequency combs due to the necessity of a short
cavity length. In addition, the high repetition rate
reduces the peak intensity of a pulse (the enhance-
ment of the peak intensity scales approximately
as the total number of comb lines). Nonetheless,
repetition rates from ~10 GHz to greater than 100
GHz have been achieved in several laser systems
(16), notably solid-state mode-locked lasers. The
spectral bandwidths of these lasers are typically
small (AMA < 1%), and as a result the peak
powers have been insufficient for substantial
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spectral broadening. One notable exception is a
10-GHz Ti:Sapphire laser that was spectrally
broadened to cover an octave, thus enabling
full frequency stabilization (35). Mode filtering
of a comb with low repetition rate is another
option to obtain higher repetition rates but comes
at the expense of finite sidemode suppression
(because filtering is not perfect), power reduc-
tion, and dispersion-induced spectral narrowing.
In contrast, microresonator frequency combs nat-
urally provide a high-repetition rate comb, which
in some cases can span an octave (24). Although
the crystalline resonators (27) have demonstrated
mode spacings on the order of a few tens of
Gigahertz, those achieved with SiN and silica
microresonators are more typically in the range
of a few hundred Gigahertz. Increasing the size
of the microresonators lowers the repetition rate.
However, this also implies that the O factor of the
cavity needs to increase as the radius of the res-
onator is increased in order to attain the same
level of resonant power enhancement (i.e., opti-
cal finesse defined as free spectral range divided
by the width of the resonance). A particularly in-
teresting set of applications is present for combs
with AA/A > 10% and a repetition rate in the 10 to
100 GHz range, where it is still possible to di-
rectly measure the repetition rate with a high-
speed photodetector.

Astronomical spectrograph calibration. Preci-
sion spectroscopic measurements of periodic Dop-

1000

Fig. 4. Optical frequency comb technologies as a function of their mode spacing
and fractional bandwidth (where A denotes wavelength). The bandwidth in this case
is defined approximately as the spectral width at which the power in the comb falls
below a practically useful power of ~1 nW per mode. The high-repetition-rate,
large-bandwidth regime (gold colored) is presently approached by a variety of
technologies and enables applications in astrophysical spectrometer calibration,
telecommunications, optical arbitrary waveform generation, and spectroscopy. The
stars denote a sampling of recently demonstrated microresonator-based frequency
combs with corresponding material choice of the microresonator. This includes silica
toroidal microresonators (15, 24, 25), silica microspheres (40), silicon nitride (31),
crystalline CaF, resonators (27), and highly nonlinear fiber (HNLF) cavities (29).
Applications of microresonator combs are illustrated at the top of the figure.

advances, it has been proposed that
an optical frequency comb could pro-
vide a near-ideal calibration grid
against which minute Doppler shifts
could be measured. Key requirements
for such a comb include broad spectral
coverage, uniform power distribution,
long-term stability, and a comb spac-
ing of three to four times the resolu-
tion of the spectrograph. For a typical
Echelle spectrograph in the visible or
near-IR, the latter condition requires a
mode spacing in the range of 10 to
30 GHz. Experiments using a low-
repetition-rate laser that is filtered
to transmit a sparse comb spectrum
have shown promising results (13, 74). However,
a frequency-stabilized optical comb generated with
a single laser and a microresonator could be poten-
tially simpler, would be free of unsuppressed side-
modes (compared to a filtered low-repetition-rate
comb), and could be robustly packaged for unat-
tended long-term operation. Combs with some of
these qualities in the near-IR have already been
generated in crystalline resonators (27).

Telecommunications. The use of optical fre-
quency combs in the telecommunications bands
covering 1450 to 1750 nm has been envisioned,
but the channel spacing and data modulation
rates pose strict requirements on the mode spac-
ing and power levels. Due to the prevailing use of
channels that are spaced by more than 10 GHz
with power levels in the range >1 mW, optical
frequency combs have not penetrated into this do-
main. This could change as optical microresonator-
based combs reliably generate combs that have
high power per comb mode (>1 mW) and addi-
tionally can access repetition rates in the range
of 25, 50, and 100 GHz, as required for high-
capacity telecommunications. The advantage of
the optical comb generator is that it can simulta-
neously generate hundreds of telecommunica-
tion channels from a single low-power off-chip
source. Thus, a single high-power laser source and
a microresonator-based comb can in principle
replace the individual lasers used for each chan-
nel in telecommunications.
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Optical and microwave waveform synthesis.
A broad array of uniformly spaced comb modes
with milli-Watt-level power would be valuable
for applications in the field of microwave pho-
tonics and optical arbitrary waveform generation.
The large mode spacing from a microresonator is
advantageous for optical and microwave wave-
form generation (/7), where recently developed
approaches enable Fourier synthesis of user-
designed optical waveforms via the control of
amplitude and phase of each individual comb
line (/7). In the optical domain, this may enable
generating complex or ultrashort (single cycle)
waveforms, or potentially waveforms tailored for
quantum control in atomic or molecular processes.
When combined with high-speed photodetection,
the agile manipulation of comb modes spaced by
tens of Gigahertz also provides microwave and
millimeter waveforms that are challenging, if not
impossible, to synthesize with conventional tech-
niques. Integration of the microresonator comb
with advanced dispersive elements and modulators
would provide maximal synthesizer functionality
in a compact package. Finally, a free-running or
stabilized microresonator comb has already been
demonstrated to serve as a source of low-phase
noise optical or microwave signals (12, 27).

Frequency comb spectroscopy. The fact that a
frequency comb consists of a broad bandwidth
array of what are essentially CW oscillators makes
it an interesting source for directly probing atoms
and molecules. Several spectroscopic approaches
have been developed for conventional laser combs
(36), and it is anticipated that a microresonator-
based comb would bring new features of high
mode power, compactness, and on-chip integra-
tion to this field. In one approach, the modes are
spectrally resolved and their amplitudes reveal ab-
sorptive features characteristic of the sample gas
(37, 38). An alternative multiheterodyne spec-
troscopy (9) requires two microresonator-based
frequency combs (which may in principle reside
on the same chip) having slightly differing repe-
tition rates. One comb serves as a local oscillator,
whereas the second comb traverses the sample
and acquires the spectroscopic fingerprint. The re-
sulting beatnotes of the two combs produce a radio
frequency (RF) comb that contains a direct map-
ping of the optical spectrum, including any absorp-
tion and phase shift imparted by the sample (9, 39).
Here, a trade-off exists; the high repetition rate
gives fast acquisition times but entails coarse sam-
pling of the absorption profile. Indeed, with mode
spacing on the order of 10 GHz or greater, one
could easily miss narrow spectral features. One
solution to this problem would be to scan the
microresonator comb, in which case the spectral
resolution is ultimately given by the comb line-
width (38).

Future Outlook: Challenges and Opportunities

Microresonator-based frequency combs are still
in their development phase, and challenges must
be overcome before their full impact is to equal
that of femtosecond laser-based frequency combs.

At the same time, the parametric gain underlying
these devices provides new opportunities.

One requirement for the use of microresonator
combs in many frequency metrology applications
will be a robust phase coherent link between RF
and optical domains, as provided in the f-2f stabi-
lization of femtosecond laser combs (/7, 18). In
practice, this requires a spectrum that spans an oc-
tave or an appreciable portion thereof. It is encour-
aging that octave-spanning spectra have already been
generated in microtoroid resonators (24); however,
an important outstanding aspect will be the fre-
quency noise in the comb modes. Due to the small
volume, many processes (such as thermo-refractive
and thermo-elastic noise) are enhanced. Phase sta-
bilization will only be viable when the noise on
measured f; and f; beatnotes is sufficiently low to be
compensated with servo-control techniques. A re-
lated issue for the planar waveguide and microtoroid
systems discussed above is the reduction of ; to a
readily measured frequency below 100 GHz. The
requirements of manageable noise processes, spec-
tral coverage over a considerable portion of an oc-
tave, and f; < 100 GHz may represent the most
important challenges to be overcome in the wide-
spread use of microresonator frequency combs.

A key advantage of the parametric frequency
conversion is that, in contrast to molecular and
optical transitions of solid-state media, they exhibit
broadband gain. Practically, the gain is only lim-
ited by the transparency window of the resonator
material and dispersion, of which the latter can
be engineered. In this context, it is interesting to
consider optical comb generation from differ-
ent materials. Semiconductors such as InP, Ge,
SiN, or Si are transparent in the mid-IR. Hence,
microresonator-based mid-IR combs could enable
anew generation of optical sensing devices in the
important spectroscopic “molecular fingerprint-
ing” regime, with a multichannel generator and
spectral analysis tools residing on the same chip.
A challenge in this endeavor is the engineering of
the optical resonators, such that their dispersion is
sufficiently low while simultaneously maintaining
a high Q factor. In this respect, crystalline reso-
nators based on CaF, (23) appear highly promis-
ing. The transparency window of CaF, (or MgF,)
ranges from 160 nm to ~ 8 pm, making this mate-
rial highly interesting from the perspective of
comb generation in the mid-IR (2500 nm onward)
as well as wavelengths below 1000 nm.

Summary

Research and development is under way that may
allow not only a dramatic reduction in size but
also access to comb generators with a repetition
rate from 10s of GHz up to ~1 THz. For the tech-
nology to unfold, it will be necessary to combine
the advances from nano- and microphotonics (33)
with those of frequency metrology. Microreso-
nator comb generators are not likely to replace
existing commercialized laser-based frequency
comb generators but may well be the system of
choice that can serve the demand for high rep-
etition rates and wavelength ranges such as the

REVIEW I

mid-IR. It is clear that the advances made in this
rapidly developing field of optical microresona-
tors may well advance optical frequency combs
into new and still unanticipated application areas.
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