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1. WAFER PROCESSING OVERVIEW

Table S1 lists the processing details of the individual wafers
fabricated for this loss study as well as their final heights. Due
to the imprecision of chemical mechanical planarization and
etching processes the height and width dimensions statements
have margins of ±30 nm and ±50 nm respectively.

2. THERMAL BISTABILITY SETUP AND METHOD

In the following details concerning the measurement setup, pa-
rameter estimation and fitting methods for the thermal bista-
bility spectroscopy are described. The setup allows for auto-
matic acquisition of the resonance drag for a single resonance
and is schematically shown in Figure S1a). An ECDL (Toptica
CTL) provides up to 40 mW of optical power within the spectral
range from 1460 nm to 1570 nm. Two optical switches allow to
measure the resonance drag from both directions without re-
connecting any fiber. The incident power on the chip as well
as a frequency calibrated resonance lineshape measurement are
recorded. Based on a calibration of the detector response and
the setup transmission using power meters, the detector voltage
can be converted into power at the chip output. Polarization
maintaining fiber is used throughout the setup to ensure a stable
incident polarization. Based on the assumption that the thermal
resonance drag needs to be equal for both measurement direc-
tions the measured power levels before and after the chip can be
used to calculate the individual coupling losses per facet.

Measurement of thermal resonance shift The resonance shift
upon heating described by β(ω) can be measured easily using a
temperature-controlled sample stage and values of 2.5 GHz/K
and 2.63 GHz/K have been reported earlier [1, 2]. We measure

the resonance shift upon constant heating for samples with and
without SiO2 top-cladding. To this end, an ECDL is scanned con-
tinuously across the resonance while the set point of the sample
stage’s temperature controller is step-wise changed. Accurate
frequency calibration is achieved as before through referenc-
ing the ECDL scan to a frequency comb and a Mach-Zehnder
interferometer. Hereby the frequency comb signal is used to
locally calibrate the FSR of the continuous interferometric signal.
As a nonlinear broadened frequency comb signal is used this
technique alleviates tedious adjustments of the comb marker
calibration signal. Additionally, the beat signal with a stable
reference laser is used to provide an absolute calibration signal.
We perform measurements for resonances of the fundamental
quasi-TE modes of the cladded and non-cladded samples at
three wavelengths. The results are shown in Figure S1b) and
are in excellent agreement with previously published values.
Through a linear fit of the measured values β(ω) is determined.

Simulation of thermal resistance The thermal resistance can be
simulated using a finite-element model implementing the heat
transport equations for the steady-state in two dimensions. As
model geometry a 1.5× 0.8 µm2 waveguide is used here and
consists of three materials (Si, SiO2, Si3N4) whose thermal prop-
erties are taken as:

The bulk Si substrate is assumed as a heat bath being con-
stantly at room temperature. Similarly, we assume constant
room temperature as boundary condition for the lateral bor-
ders which are placed with 10 µm distance from the waveguide
core. This justifies the lateral boundary conditions as the heat
transport is dominated by the cooling of the bulk Si substrate
and the sample top surface. Accurate modelling of the radia-
tive and convective cooling effects on the sample top surface
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wafer 1 2 3 4 5 6

Waveguide pattern lithography E-beam lithography Stepper lithography

Filler pattern lithography Photolithography Stepper lithography

Preform etch mask amorphous Si hardmask DUV photoresist with BARC

Preform etch dry etch based on He and C4F8

Preform reflow - anneal at 1250◦C in N2 atmosphere for 18h

Si3N4 deposition LPCVD process at 775◦C and 200 mT based on SiCl2H2 (30 sccm) and NH3 (180 sccm)

Planarization Fumed SiO2 particle slurry based CMP

Si3N4 anneal 1200◦C in N2 for 24h 1200◦C in N2 for 11h 1200◦C in N2 for 3h

Cladding deposition 3 µm low temperature oxide (425◦C, SiH4 + O2) - -

Cladding anneal anneal at 1200◦C in N2 atmosphere for 3h - -

waveguide height 850 nm 650 nm 615 nm 620 nm 750 nm 700 nm

Table S1. Summary of process parameters for the individual wafers analyzed for this study.
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Fig. S1. a) Setup used to record resonance skewing upon driving laser power increase. OS: optical switch, DET: photodetector,
PM: power meter, DUT: device unter test, P: polarizer. b) Resonance shift upon constant heating characterized for cladded and
non-cladded samples, as well as fit with a linear function.

material heat capacity density thermal conductivity

SiO2 1000 J/(kgK) 2200 kg/m3 1.38 W/(mK)

Si3N4 700 J/(kgK) 3100 kg/m3 20 W/(mK)

Si 700 J/(kgK) 2329 kg/m3 130 W/(mK)

are difficult to implement. This is why we estimate limiting
values by assuming either a boundary at room temperature or
perfect thermal isolation. Moreover, we test in the case of the
fully cladded device whether the absorption location plays an
important role assuming thermal isolation at the top surface.
Negligible difference is observed for the cases of heating inside
the waveguide core, in a 100 nm thick boundary layer extending
to equal amounts into the core and the cladding or within a
300 nm thick layer in the top cladding with the same width of
the waveguide.

Using the difference of waveguide core average tempera-
ture to the boundary condition’s room temperature, the local
temperature difference ∆T is computed. For a heating power
Pheating the thermal resistance follows as Rth = ∆T/Pheating. For
the cladded geometry we find values of Rth = 216 K/W and
Rth = 157 K/W as limits for thermal insulation and perfect

cooling respectively. For the non-cladded geometry we find
Rth = 286 K/W and Rth = 6 K/W as limits for thermal insula-
tion and perfect cooling.

Bistability model for automatic fitting The recorded skewed res-
onances are fitted with the following model in order to extract
the resonance drag δω accurately. The dropped power can be
expressed using the usual model of a Lorentzian cavity response
as:

Pd = κ0 |a|2 =
κ0κex

∆ω2
hot +

(
κ
2
)2 (S1)
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(
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here |a|2 is the number of photons of in the resonator mode,
κ0 and κex are the internal loss and coupling rate which form
together the resonance decay rate κ = κex + κ0. The hot res-
onance detuning ∆ωhot can be expressed using the resonance
drag δω as ∆ωhot = ω0,hot −ωp = ∆ωcold − δω. The resonance
drag is a function of the dropped power Pd with the coefficient
α = β(ω)Rthζ uniting the previously introduced coefficients.
The resulting equation is cubic in the dropped power and can
be written as:
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For a given κ0 and κex, this cubic equation can be solved
using the Cardan roots in order to fit the measured transmission.
With the fitted value for α the total resonance shift is obtained as
δω = αPd.

Resonance frequency shift contributions The resonance fre-
quency shift and the resulting tilted resonance shape upon laser
scanning are in principle due to heating effects and the nonlin-
ear phase shift. For our above analysis it is important to rule
out a significant contribution of the nonlinear effects. The total
resonance drag including thermal and nonlinear contributions
can be expressed as:

δω = αPd +
ω0n2

n0 Aeff
Pd (S4)

Figure 3b) shows the typical values for dropped powers and
resonance drag obtained in the experiment. A resonance drag of
30 MHz is measured for a dropped power of 0.2 mW. Using the
literature value for n2 = 2.5× 10−19 m2W−1 and the waveguide
dimensions we estimate a nonlinear contribution of ≈ 4 kHz for
the given experiment conditions. Thus the nonlinear contribu-
tion can be considered negligible.

3. AFM MEASUREMENTS OF SIDEWALL ROUGHNESS

In order to measure the waveguide’s sidewall roughness the
AFM tip needs to be brought into proximity of the sidewall
surface. Providing access for the AFM tip to the waveguide’s
sidewall can be challenging, and different techniques ranging
from sample cleaving, etched fins [3] and 3D AFM tools using
special tips have been developed [4].

Here, we etch straight recesses using an amorphous silicon
hardmask and electron beam lithography, as applied in the pho-
tonic Damascene process, into a 2 µm thick wet thermal SiO2
layer. After smoothing the SiO2 surface with the reflow pro-
cess, the recess structures are sliced by etching deep trenches
running across them. After removing the surrounding wafer
substrate, the straight recess sample provides access to the AFM
tip, when entering the it upright into the AFM tool, as shown
in Figure S2b). Standard Si tips with 5 nm radius are used to
scan in peak-force mode along the sidewall and careful navi-
gation is necessary in order to move the tip onto the surface of
the reflowed recess. An example measurement is shown in Fig-
ure S2c), where the reflowed recess sidewall is much smoother
compared to the etched SiO2 surface that was etched for slicing
the recess. At the transition between both sections the signal
diverges due to the ill defined tip movement at the sharp edge.
On the measured length scale of 4 µm the recess sidewall rough-
ness is dominated by the central kink of approximately 10 nm
amplitude. We attribute this kink to an aliasing artifact during
layout fracturing for electron beam lithography which is based
on a 10 nm grid in the present case. Using careful fracturing and
a multipass writing strategy such defects can be eliminated [5].

In order to obtain quantitative values for the roughness on
all waveguide surfaces, we additionally perform AFM measure-
ments on the Si3N4 surfaces of a sample wafer after planariza-
tion. For further data analysis the topography data acquired
on recess sidewalls and on the Si3N4 top surfaces is cropped
and levelled, removing irrelevant measurement data and sub-
tracting a linear background. Next, the 1-D auto-correlation
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Fig. S2. AFM measurement of sidewall roughness. a) Ring
waveguide recess in a SiO2 preform after the reflow step.
Smoothing of the dry etch induced sidewall roughness re-
sults in hardly perceived surface roughness and rounding of
the sharp edges. b) Illustration of the AFM tip approaching
the sidewall of a cut-open waveguide recess when entering
the sample into the AFM tool. c) Surface topography acquired
using AFM when scanning over a reflowed waveguide surface
(red dashed area). Diverging signals are observed at the tran-
sition from the dry etched SiO2 bulk to the reflowed surface.
d),e) 1-D autocorrelation functions R(uz) calculated based on
the traces acquired on the reflowed waveguide recess sidewall
(red dashed area in c)) and the Si3N4 waveguide top surface
after CMP, respectively. The minimum and maximum limits
are indicated in grey, while the mean value in blue is used for
fitting. While the top surface roughness has a low amplitude
and short correlation length, the sidewall autocorrelation is
dominated by the periodic variations due to the kink in the
sidewall profile visible in c).

functions R(uz) = ∑ f (z) f (z + uz) are calculated for each
trace in the AFM scanning direction which was chosen to co-
incide with the propagation direction of the optical mode in
the waveguide. Figure S2d) shows the resulting mean, as well
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sample Cr Mn Fe Co Ni Cu Zn

1 µm LPCVD Si3N4 < 0.1 < 0.05 0.08 < 0.05 < 0.05 0.12 0.29

3 µm LTO 0.17 0.13 2.0 < 0.05 0.11 0.24 < 0.5

4 µm wetOx 0.13 < 0.05 0.7 < 0.05 0.12 0.17 < 0.5

Table S2. Summary of the transition metal impurity concentration found in as-deposited thin films forming the core, lower and
upper cladding of the Si3N4 waveguides. All concentrations are given in ppm wt.
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Fig. S3. Futher SIMS characterization data. a) Measured profile of hydrogen and chlorine within a sample of wafer 3. Chlorine is
mostly present in the silicon nitride core as the LPCVD deposition process uses dichloro silane (SiCl2H2) as precursor. The concen-
tration of hydrogen is almost constant across the sample. b,c) Transition metal impurity profiles acquired for cladding-less samples
from wafer 5 and 6. Again significant copper impurity concentrations are found and in addition low quantities of iron at the inter-
face between core and cladding. All values are quantified based on Si3N4 standards.

as the minimum and maximum values of R(uz) obtained for
the 0.37 × 4 µm2 red dashed area on the recess sidewall in
S2c). The mean auto-correlation function can be well fitted
using a model composed of either an exponential or Gaussian
auto-correlation function, Rexp(uz) = σ2

exp exp(− |uz| /dexp) or
RG(uz) = σ2

G exp(−(uz/dG)
2), superimposed on a periodic cor-

relation function Rp(uz) = σ2
p cos(2πuz/dp), where σG,exp,p are

the rms deviations and dG,exp,p the correlation lengths. We ex-
tract values of σp = 1.2 nm and dp = 1.8 µm, σexp = 1.35 nm and
dexp = 120 nm or σG = 1.2 nm and dG = 155 nm. Similarly, the
mean autocorrelation function for the measured waveguide top
surface roughness after CMP is well fitted by a pure exponential
or Gaussian model as shown in Figure S2e). We extract values
of σexp = 0.18 nm and dexp = 36 nm for the correlation ampli-
tude and rms deviation with the exponential autocorrelation
function, and respectively σG = 0.18 nm and dG = 50 nm with
the Gaussian autocorrelation function. Neglecting the periodic
roughness contribution, which causes Bragg type reflections for
certain resonance frequencies only, the measured correlation
length of the recess sidewall roughness is similar to previous
works on Si and InP waveguides [6–8]. On the contrary the esti-
mated rms deviation is lower than previously reported values
for Si3N4 waveguides [3].

4. MATERIAL CHARACTERIZATION

The glow discharge mass spectroscopy (GDMS) measurements
discussed in the main section were performed at Evans Analyti-
cal Group. For this purpose the wafer substrates with the respec-
tive thin films were cleaved into coupons of at least 15× 15 mm2.
The stated concentrations are derived from the stabilized signal

levels after some sputtering time. Calibration standards are used
to convert the signal levels into concentration values. Table S2
summarized the results found in the as-deposited thin films.

Figure S3 provides additional measurement data for the sam-
ples of this study. The measurements were acquired at Evans
Analytical Group using O+

2 bound SIMS for profiling of transi-
tion metals and Cs+ bound SIMS for the profiling of chlorine
and hydrogen. The measurements were performed on an at least
10× 10 ¯m2 large area on a regular chip with working microres-
onator devices. The matrix signal (N and Si) is shown as raw ion
count to enable distinction of the material layers. The impurity
values are calibrated based on a silicon nitride standard such
that values obtained within the oxide layer can be imprecise.

Hydrogen is found in concentrations of ∼ 5 ×
1020 atoms/cm3 (≈ 5000 ppm wt) almost constant across
the device stack. Chlorine is detected within the Si3N4 core
which can be easily explained by the chlorine containing
LPCVD precursor gases. Copper is detected again in both
samples at concentrations of ∼ 1018 atoms/cm3 (≈ 10 ppm wt).
Interestingly, also iron peaks are detected in proximity of the
interface between core and cladding.
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