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Geometric dispersion in integrated microresonators plays a major role in nonlinear optics applications, es-
pecially at short wavelengths, to compensate the natural material normal dispersion. Tailoring of geometric
confinement allows for anomalous dispersion, which in particular enables the formation of microcombs which
can be tuned into the dissipative Kerr soliton (DKS) regime. Due to processes like soliton-induced dispersive
wave generation, broadband DKS combs are particularly sensitive to higher-order dispersion, which in turn is
sensitive to the ring dimensions at the nanometer-level. For microrings exhibiting a rectangular cross section,
the ring width and thickness are the two main control parameters to achieve the targeted dispersion. The
former can be easily varied through parameter variation within the lithography mask, yet the latter is defined
by the film thickness during growth of the starting material stack, and can show a significant variation (few
percent of the total thickness) over a single wafer. In this letter, we demonstrate that controlled dry-etching
allows for fine tuning of the device layer (silicon nitride) thickness at the wafer level, allowing multi-project
wafers targeting different wavelength bands, and post-fabrication trimming in air-clad ring devices. We
demonstrate that such dry etching does not significantly affect either the silicon nitride surface roughness or
the optical quality of the devices, thereby enabling fine tuning of the dispersion and the spectral shape of the
resulting DKS states.

Integrated microresonators have been demonstrated in
a variety of different materials in which the frequency
spacing of a set of optical modes, the free spectral range
(FSR), increases with the optical frequency, a behav-
ior termed as anomalous dispersion1,2. This allows for
compensation of the intensity-dependent Kerr frequency
shift, enabling the fundamental conservation of both en-
ergy and momentum - or frequency and angular momen-
tum in the special case of periodic whispering gallery
modes structures. This fundamental dispersion prop-
erty allows for a variety of χ(3) nonlinear processes to
be effectively realized3,4. In particular, four-wave mix-
ing (FWM) and optical parametric oscillation from a
continuous-wave pump can occur, seeding the so-called
modulation instability frequency microcomb5, which is a
first step in obtaining a stable pulse state in the dissipa-
tive Kerr soliton (DKS) regime6. In photonic platforms
where DKS states have been demonstrated, for example
in microrings7–11, material dispersion (which is normal)
is compensated by geometric dispersion, i.e. the confine-
ment of the guided mode within the structure relative to
the wavelength, to obtain anomalous dispersion12. The
amount of dispersion compensation needed is particularly
acute at shorter wavelengths as photonic materials, such
as Si3N4, SiO2, AlN or LiNbO3, exhibit pronounced nor-
mal dispersion in the visible range.

However, obtaining anomalous dispersion is usually
not sufficient for supporting a DKS state that suits ap-
plication needs. In particular, for full comb stabilization
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requiring an octave of bandwidth, the DKS spectrum has
to be extended using dispersive waves (DWs)13–15, a phe-
nomenon relying on higher-order dispersion8,16. In this
case, a DKS comb tooth overlaps with a cavity resonance
far away from the pumped mode, exhibiting resonant en-
hancement at this particular wavelength, and increasing
the comb power locally. The spectral positions of such
DWs are highly sensitive to the geometric dispersion,
which in turn is controlled primarily through the ring
width14 and the ring thickness17. Dimensional control
down to the few nanometer level is required for precise
targeting of DW spectral locations. The ring width, be-
ing an in-plane parameter, can be addressed at the design
level where different structures on the same chip are given
a slight variation in their ring width. However, thickness
is defined during growth and requires subsequent post-
growth processes if it is to be adjusted.

In this letter, we demonstrate a dry etch trimming ap-
proach that enables fine tuning of the thickness of Si3N4

microresonator frequency comb devices with a resolution
down to the few nanometer level (Fig. 1). One applica-
tion of this trimming is in chip-to-chip compensation of
the natural thickness variation across a wafer, which is
typically at the percent level or higher for growth via low
pressure chemical vapor deposition18. The dry etch trim-
ming can also be used to realize thickness differences of
several tens of nanometers, enabling multi-project wafers
in which different thicknesses are needed to target, for
example, frequency combs operating in different spec-
tral bands or other χ(3) nonlinear nanophotonic devices.
Working in an air-clad system in which the Si3N4 device
layer remains accessible after fabrication (see Fig. 1), we
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FIG 1. A 100 mm wafer of Si3N4/SiO2 on a Si substrate that is
divided into several cells, each containing a certain number of die
in a multi-project fabrication run. The heat map corresponds to
the Si3N4 thickness measured by a spectroscopic ellipsometer and
exhibiting a variation of more than ≈ 30 nm (±3.5 % of the mean
thickness of 445 nm) across the whole wafer. Cells can be
selectively masked for dry-etch trimming of particular areas of the
wafer, allowing for different controlled thicknesses across the
wafer to accommodate different projects. For devices that lack a
top-cladding material (air-clad structures), fine trimming can also
occur after the completed device fabrication, with measurement
feedback guiding the level of trimming needed. In our case, we
lift-off the SiO2 (right image) to uncover the rings for dispersion
and fine trimming purposes while keeping SiO2 at the facets for
improved fiber input/output coupling.

perform optical characterization of the microcomb de-
vices before and after trimming steps. We show that the
frequency shift of the resonator modes due to dry etch
trimming can be repeatably controlled and does not ad-
versely impact their optical quality factor (Q). We fur-
ther show how DKS microcomb states, and in particular,
DW positions, are modified through thickness trimming,
with the DW shift predictable based on the impact of
device layer thickness on higher-order dispersion.

Most of the reported DKS microcombs in Si3N4 res-
onators have been demonstrated in devices that are fully
clad with SiO2

8,14. This approach has the advantages
of making the resonator relatively insensitive to its en-
vironment and allows for better heat dissipation. How-
ever, post-fabrication steps to modify the geometry based
on measurement results are made impossible as the res-
onator is not directly accessible. Here, we use a system
where the ring resonator does not have any material as
the top cladding. Such air-clad resonators have been
demonstrated to support high-Q and octave-spanning
microcombs19,20, as well as other wide-band nonlinear
processes19,21. Yet in our system, the facet waveguides
are still embedded in SiO2 (Fig. 2). This selectively-clad
chip thus enables direct access to the microresonator sec-
tion for trimming purposes, while providing more opti-
mized facet coupling regions for improved insertion losses
from/to lensed optical fibers (Fig. 2(a)). In particular,
the full SiO2 cladding both provides for a more symmet-
ric mode than what would be possible with an air-clad
waveguide and ensures that a guided mode is supported
even when inverse tapers are used to expand the mode
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FIG 2. (a)-(b) Insertion loss calculation computed through
finite element simulations, assuming a spot-size diameter of the
lensed fiber of 2.5 µm and assuming 430 nm thick Si3N4, for (a) a
fully SiO2-clad waveguide and (b) an air top-cladding waveguide.
For each structure, TE (purple) and TM (teal) insertion losses are
calculated and the mode profile for the optimized dimension for
TE polarization are showcased, along with the structure (black)
and the lensed fiber spot size (dashed white). The measured
insertion losses for SiO2 clad waveguides is between 3.5 dB to
4.0 dB per facet.(c) Scanning electron microscope (SEM) image
and (d) optical microscope image of the dual-layer resist used to
lift-off the low-temperature PECVD SiO2 to create
selectively-clad photonic chips. (e) Optical microscope and (f)
SEM images after the SiO2 lift-off process, which uncovers the
ring area while keeping the SiO2 at the chip facets for low
insertion losses. The SEM image in (f) highlights smooth
transition between the air and oxide clad regions.

size to best match that of lensed optical fibers (asym-
metrically clad waveguides are not guaranteed to sup-
port even a fundamental guided mode if the taper width
is too small). Together, this results in insertion losses
that are predicted to be as low as 2 dB per facet at
1060 nm (Fig. 2(a)), an improvement on the 6 dB per
facet loss that could be reached in air-clad waveguides
tapered to a larger width at the chip facets (Fig. 2(b)).
In practice, we typically measure insertion losses between
3.5 dB to 4 dB per facet for a nominal inverse taper
width of 150 nm (see supplementary material). We note
that the Fresnel reflection between the two cladding re-
gions, which could potentially lead to other insertion
losses, is negligible and in the 0.1 dB range (see supple-
mentary material). The selective SiO2 cladding is real-
ized through a photoresist lift-off process (Fig. 2(c)-(d)),
where removal of the top SiO2 cladding over the micror-
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FIG 3. (a) Atomic force microscopy measurement across a
1 µm2 area of the top surface of a Si3N4 film before and after
RIE trimming steps, the latter of which vary in duration and
radio frequency (RF) power. b Root-mean square (RMS)
roughness comparison for different etch duration (horizontal
scale) and a RF power of 60 W (green) and 75 W (red). The
roughness standard deviation for each sample is between 38 pm
and 45 pm and is too small to be displayed here. The black
dashed line indicates the RMS roughness prior to trimming.

ing is made possible through low-temperature (180◦C)
inductively-coupled plasma enhanced chemical vapor de-
position (PECVD) of SiO2, allowing photoresist to be
used without polymerization that would occur at high
temperature. We use a dual layer of LOR5-A and nLOF
resists22 (one spin coating of LOR5-A, two spin coat-
ings of nLOF), thicker than the targeted deposited SiO2

thickness of 3 µm, and optically expose them over the
microring regions of the chip. Optical and scanning elec-
tron microscope images of a completed chip are shown in
Fig. 2(e)-(f).

As the above method leaves selected regions of the
Si3N4 layer accessible, a reactive ion etch (RIE) can
be used to trim the Si3N4 thickness in those regions.
In comparison to wet etching of Si3N4, which can be
done through dilute hydrofluoric acid or heated phos-
phoric acid but are isotropic (and hence impact both
resonator in-plane dimensions and thickness), we empha-
size that dry etching can be tailored to predominantly
impact thickness. In particular, we use a CF4 and O2

plasma mixture at 2 Pa (15 mTorr) chamber pressure,
with 5 × 107 m3.s-1 (30 sccm) and 3.33 × 107 m3.s-1

(20 sccm) flow respectively, at room temperature. In
comparison to inductively-coupled plasma dry etching
with a significant chemical component, this RIE etch is
mostly physical and only affects the top surface and not
the sidewalls of the microrings. To ensure that the RIE
does not adversely impact microring top surface rough-
ness, we perform atomic force microscope (AFM) mea-
surements of the Si3N4 surface for several films that have
been etched for times ranging between 30 s to 120 s and
for two different radio frequency (RF) powers (Fig. 3).
The AFM measurements were made in tapping mode us-

ing wear-resistant high density diamond-like carbon tips
of 2 nm radius. To further minimize tip wear and en-
sure imaging consistency, each surface map was acquired
using a fresh tip. These measurements across a region
of a reference (unetched) Si3N4 sample are shown in
Fig. 3(a), where the root-mean square (RMS) of the sur-
face roughness is 0.39 nm. The etched samples show a
slight increase in RMS roughness to ≈ 0.46 nm, with ap-
proximately no increase in rms roughness for longer etch
times or the higher RF power (Fig. 3(b)). Importantly,
this rms roughness remains significantly below the side-
wall roughness measured for high-Q Si3N4 devices23, and
is comparable to the Si3N4 roughness after film growth
(and before chemical-mechanical polishing) reported by
Ji et al. (0.38 nm)24.

While the AFM suggests that RIE trimming results in
at most a small increase in the Si3N4 film roughness, it
is still important to understand the impact of the trim-
ming on the optical properties of the resonator modes, in
particular, the influence on resonator Q and modal fre-
quencies, and the extent to which the trimming can be
repeatably applied. To do so, we need to track the same
resonator modes before and after trimming, which can be
difficult in microring resonators due to the large number
of modes present. We use the selective mode splitting
technique employed in Ref. 25, where the ring resonator
has an inner sidewall modulation with a period set to
couple and frequency split the initially degenerate clock-
wise and counterclockwise traveling wave modes with a
specific azimuthal mode number. Here, we target the az-
imuthal mode number of 237 (2 × 237 periods along the
ring inner circumference), resulting in a resonance fre-
quency that is split close to 287.5 THz (Fig. 4(a)). Using
the trim etch recipe presented earlier, we perform a series
of seven trims for devices which have been designed with
different nominal ring width (RW ) varying from 920 nm
to 1015 nm on the same chip, with each trim step lasting
20 s and at 45 W of RF power. The reduced RF power
relative to that used in the AFM measurements in Fig. 3
provided finer trimming resolution, while ensuring that
the induced surface roughness was minimized. We ob-
serve a nearly uniform frequency shift of ≈ 0.29 THz
with each step for each of the considered RW values
(Fig. 4(b)), though there are some small discrepancies
from this trend, for example, the first trim step produced
a somewhat smaller shift than the subsequent ones. Us-
ing finite element method eigenmode simulations, we re-
trieve the thickness dependence of the resonance frequen-
cies ∂fres/∂H = −73.2 GHz/nm for the RW range under
study (from 900 nm to 1100 nm), and from the frequency
shifts measured in Fig. 4(b), we estimate that each 20 s
trim step reduces the thickness by 4 nm. Even finer trim-
ming steps (e.g., 2 nm for a 10 s etch) should be possible;
however, we note that a linear scaling of etched amount
with etch time should not necessarily be assumed due to
plasma ignition delay (for short etch times) and sample
heating (for long etch times). Finally, we consider the
intrinsic quality factor (Qi) for 14 resonances in our lin-
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FIG 4. (a) Linear transmission data for a microring resonator (RW = 920 nm) with an initial thickness of H = 430 nm, after several
different trimming steps, where for each step the trim was for 20 s and with 45 W of RF power. The frequency-split mode indicated
in-between the dashed black lines is the result of an inner sidewall modulation whose period was set to target a specific mode of the ring
(azimuthal mode number M = 237), providing an easy reference by which mode frequencies can be tracked. (b) Frequencies of the
tracked microring mode for several different RW values and several different trim steps, showing a nearly constant frequency shift per
step. (c) Average intrinsic quality factor (Qi) of 14 different resonances at each trim step and for RW = 945 nm and RW = 1015 nm.
The error bars represent one standard deviation values based on the spread in the Qi values.

ear frequency scan for each trimming step. We find that
the average Qi remains about the same (within the one
standard deviation uncertainty values determined by the
spread in the Qi data). This is consistent with the AFM
measurements indicating that the top surface roughness
is only slightly increased by the trimming, and suggests
that the post-fabrication trimming process can provide a
method to tune the geometric dispersion of devices with-
out significantly impacting their losses, which is critical
for nonlinear applications.

Fine tuning of the thickness of a ring resonator not
only allows for fine shifting of the frequency of resonances
- which can be of interest for post-fabrication tuning to
overlap with atomic transitions or other frequencies of
interest - but also impacts the overall dispersion of the
resonator, in particular the higher order dispersion coeffi-
cients responsible for dispersive wave creation8. For such
microcombs, it is convenient to introduce the integrated
dispersion Dint(µ) = ωres(µ)−ωDKS, where µ is the mode
number relative to the pumped mode (i.e. µpmp = 0),
which effectively measures the discrepancy between the
resonator mode frequencies and the supported DKS fre-
quency comb teeth ωDKS ≈ ωpmp+D1µ, which are spaced
by the resonator free spectral range that is approximately
given by D1/2π. As the modal confinement is partly
set by the resonator thickness, the resonator dispersion
(calculated in Fig. 5(a)) and therefore its integrated dis-
persion (calculated in Fig. 5(b)) can be significantly im-
pacted by modifying its thickness for a fixed ring width.
This ultimately results in a variation in the frequency of
the DWs (Fig. 5(c)) on both the low and high frequency
sides of the spectrum. DWs are crucial elements in re-
alizing octave spanning DKS frequency combs that can
be self-referenced13 and reach atomic transition frequen-

cies14, and control of their spectral positions is important
to optimize the power available for the f -2f technique.
Post-fabrication trimming thus provides the option of be-
ing able to measure a device, determine its DW positions,
and then trim its thickness to move them closer to the
targeted values.

To demonstrate the possibility to post-process tune
a DW through thickness trimming, we measure a DKS
state obtained in a ring resonator with a starting thick-
ness H=459 nm and RW=1040 nm and pumped at
976 nm in the fundamental transverse electric mode,
while actively-cooled using a counter-propagative wave
cross-polarized at 1060 nm, which allows for adiabiatic
tuning onto the soliton state26,27. Here, we proceed to
monitor the DKS state as we trim the thickness by more
than 30 nm, which corresponds to the full variation of
Si3N4 thickness over a 100 mm wafer (Fig. 1). We use
the same recipe as for the trimming calibration, namely
a 20 sec RIE etch at 45 W RF power. By pumping the
exact same mode, which is slightly shifted in wavelength
for each trim step from approximately 307 THz (976 nm)
to 309.5 THz (969 nm), a clear and constant red shift of
the DW is observed for each trimming step. Assuming
the previously calibrated trimming amount of 4 nm per
step, the dispersion at each trimming step can be found
theoretically, and the linear approximation of the DW
position based on the zero-crossing of the integrated dis-
persion (Fig. 5(b)-(c)) provides a reasonable estimate of
the observed DW shift. It is important to note that for
an asymmetric integrated dispersion profile (odd disper-
sion coefficients dominating), the linear approximation
of predicting the DW position based on the zero-crossing
of the integrated dispersion will present a discrepancy
with respect to the actual DW frequency16,28. To ad-
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coupler, resulting in undercoupling at short wavelengths. Soliton stabilization is provided by a counterpropagating 283 THz (1060 nm)
pump.

dress this, we also present rigorous simulation data of the
expected comb envelope using the Lugiato Lefever equa-
tion model29, where the only modified parameter at each
trimming step is the dispersion profile, chosen to be con-
sistent with the expected thickness, and with the same
in-waveguide pump power and pump detuning of 180 mW
and -1.932 GHz respectively. The simulated comb spec-
tra closely match the measured ones (Fig. 5(d)), confirm-
ing that the RIE etching process is mostly physical and
does not affect the ring width. The power discrepancy
between the theoretical and experimental DWs are due to
the straight waveguide coupling system used for inject-
ing and extracting light from the microring resonators,
which exhibits a strong chromatic dependence and un-
dercouples the resonator at short wavelengths30.

In conclusion, we have demonstrated a dry etch
technique that allows for fine control of the thickness of
Si3N4 microring resonators with a thickness step as low
as 4 nm and over a range of 30 nm. The post-processing
trimming does not significantly impact the Si3N4 surface
roughness or resonator quality factors. By using an
air-clad structure with oxide cladding still present at
the chip facets, we are able to measure the resonator
performance in-between trimming steps while retaining
low insertion losses to lensed optical fibers. We demon-
strate the utility of such fine trimming in microcomb

engineering by showing how a dissipative Kerr soliton
comb pumped in the 980 nm band can have its dispersive
wave tuned across a total range of 40 THz in few THz
steps. This trimming approach has numerous potential
uses in the development of microresonator frequency
combs and related Kerr nonlinear optical devices. For
example, it can enable multi-project wafer runs in which
different thickness are needed across the wafer; recent
demonstrations of four-wave mixing Bragg scattering31

and χ(3) optical parametric oscillation21 were realized
for Si3N4 thicknesses (480 nm and 500 nm, respectively)
that could be combined with the microcomb devices
shown in this work. Finally, the trimming technique
also makes it possible to compensate for the natural
thickness variation of the Si3N4 material across a full
wafer, so that the number of devices exhibiting a desired
dispersion can be greatly increased.

See the supplementary material for information re-
lated to the insertion losses of the dual air/oxide cladding
structure.
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Supplementary Materials

S-1. Insertion Losses in Selectively Clad Devices
– Experimental Data
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FIG S1. (a) Experimentally measured per facet insertion losses
for the same material thickness as in Fig. 2(a) from the main text
and inverse taper widths from 150 nm to 250 nm. (b) Chromatic
dispersion of the per facet insertion losses in the 1020 nm to
1070 nm band. The one standard deviation uncertainty in per
facet insertion loss is at the ±0.5 dB level and is due to measured
variations in coupling for nominally identical devices.

Our system utilizes a selective SiO2 cladding, with
the absence of cladding over the microresonator region
allowing direct access for post-processing, while keeping
an SiO2 cladding at the facets that is useful for reduced
insertion losses. Here we present experimental data
supporting the simulations presented in the main article,
which show that the insertion losses are lower than that
in an air-clad system. We perform measurement of the
insertion losses with the inverse taper width (Fig. S1(a)).
As expected from the simulation, the insertion losses
for the first order transverse electric mode increase with
the inverse taper width, where the optimum value is
at 150 nm width (smaller tapers are limited by the
fabrication process; in particular, the ability to realize
high-aspect ratios for thick Si3N4 films). Finally, we
measured that such inverse tapers present very low
chromatic dispersion in their losses across the pump

band, and present similar insertion losses (≈ 3.5 dB per
facet) across the range between 1020 nm to 1070 nm
(Fig. S1(b)).
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FIG S2. (a) Schematic of silicon nitride waveguide cladding
transition between oxide-clad and air-clad regions. (b) Mode
profile of y-oriented electric field component of the first order
transverse electric mode in the oxide clad region for a waveguide
cross section of 550 nm width and 420 nm thickness. (c) Mode
profile for the same polarization and waveguide cross-section, but
with an air top/side cladding. (d) Finite-difference time-domain
simulation results for the transmission between the oxide and
air-clad regions.

S-2. Losses from the Cladding Transition

In order to estimate the potential Frensel losses from
the oxide-clad to air-clad transition (Fig. S2(a)), we
perform finite-difference time-domain simulation of the
structure, where a silicon nitride waveguide of 550 nm
width and 420 nm thickness is halfway embedded in SiO2

at the left edge, and then transitions to a waveguide that
has only a bottom SiO2 cladding and a top and side air
cladding. Although the mode profile of the first order
transverse electric mode presents some disparity between
the two regions (Fig. S2(b)), due to the difference of re-
fractive index gradient in the two regions that modifies
the confinement of the mode, the simulated transmission
from the oxide-clad region to the air-clad region remains
well above 90 % (i.e. losses lower than 0.1 dB). This level
of losses is negligible in comparison to the facet coupling
loss.
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