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Abstract: We present a high performance silicon nitride photonic integrated circuit platform
operating at visible wavelengths, accessible through the commercial foundry, LIGENTEC.
Propagation losses were measured across the visible spectrum from 450 nm to 850 nm. For
wavelengths above 630 nm, losses were <1 dB/cm in TE and <0.5 dB/cm in TM. Additionally,
sets of single mode waveguide-coupled ring resonators across three separate chips were tested
and analysed. A peak intrinsic Q factor of 3.69× 106 was measured for a single resonance at
∼635.3 nm, with an average value of 2.28× 106 recorded over 10 peaks in a 3 nm tuning range.
Analyses of the loss and coupling, as functions of bus-ring coupling gap and waveguide width, are
also presented. High confinement, low loss devices realised on the chip-scale in a wide-bandgap
material like silicon nitride are increasingly important for the next generation of integrated optical
devices operating at visible wavelengths.
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1. Introduction

Mature fabrication processes, low waveguide losses, and tight mode confinement have ensured
the widespread adoption of silicon on insulator (SOI) for infrared integrated optics [1,2]. The
highly reproducible wafer-scale production of SOI photonic integrated circuits (PICs) offered by
commercial silicon foundries gives researchers a quick and inexpensive route towards realizing
their own high performance PIC desings, to the great benefit of a number of technologies [3,4].
However, silicon’s narrow bandgap (1.1 eV) precludes operation at wavelengths below 1 µm; a
region of the electromagnetic spectrum where applications ranging from optical atomic clocks
[5,6] to quantum information processing [7,8] could benefit from the enhanced stability and
scalability offered by photonic integration [9,10].

Silicon nitride (SiN) has emerged as the leading candidate to extend integrated optics to shorter
wavelengths, facilitated by its wide bandgap (5.1 eV), broad transparency window (400-2350
nm), respectable nonlinear refractive index (n2 = 2.5× 10−15 [11]), and low optical losses (<0.01
dB/cm at 700 nm [12]). While other materials may have transparency windows extending to even
shorter wavelengths (e.g amorphous alumina oxide [13–15], aluminium nitride [16], or tantalum
pentoxide [17]), only SiN benefits from mature fabrication processes that allow foundry-scale
production of low-loss PICs on large area wafers [18–22].

In this work we present high confinement SiN waveguides and ring resonators (hereafter
referred to as rings), fabricated and provided by the SiN foundry, LIGENTEC. Delay lines for
propagation loss measurements were characterized at wavelengths of 450 nm, 520 nm, 630 nm,
750 nm, and 850 nm. Rings, meanwhile, were characterized with a laser continuously tunable
over the 635–638 nm range. Six chips in all were tested: three delay line chips and three ring
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chips. A TE mode propagation loss <1 dB/cm at around 635 nm was measured by both the
cutback method and extractions of loss from ring resonance fitting. TM losses were found to be
lower, at <0.5 dB/cm. For TM polarisation, a peak intrinsic quality (Q) factor of 3.69 × 106 was
measured, corresponding to a single distributed ring loss of just 0.19 dB/cm. For singular device
applications, this is an exceptional result, given these rings feature high mode confinement factors
and comparatively small bend radii [12]. In comparison to multimode SiN disks presented at
around this wavelength [23], the use of single mode rings will simplify nonlinear processes like
Kerr microcomb generation; not only because of the simplified spectra, but also because of the
guarantee of strong overlap in the ring waveguide between the interacting optical modes [24].
Detailed analyses of chip performance and device trends with respect to ring waveguide width
and coupling gap are presented. In all, 399 resonances were analysed, consisting of 158 in TE
and 241 in TM. Such analyses are crucial for the increased implementation of integrated photonic
devices for applications outside the transparency window of traditional PIC foundry materials.

2. Fabrication and methods

The chips were fabricated as part of a LIGENTEC multi-project wafer run. The cladding thickness
above and below the SiN is 3.3 µm and 4 µm, respectively. The LIGENTEC AN150 platform,
with a SiN thickness of 150nm, was used to address the whole visible wavelength range with
possibility to have single mode propagation across this region.

Finite difference eigenmode (FDE) simulations are shown in Fig. 1, with Fig. 1(a) showing
the supported modes as a function of width, and Fig. 1(b) showing the electric field magnitude
profiles for a selection of three widths used in this work. Given the waveguide’s aspect ratio, the
fundamental TE mode is better confined than the fundamental TM for a given width. Bend loss
simulations were also performed for the two radii used (rring = 110 µm, rdelay = 150 µm). These
radii were found to be large enough that additional radiative bend losses were negligible across
the wavelengths, widths, and polarisations featured in this work.
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Fig. 1. FDE simulations at λ = 635 nm. (a) Modal effective indices for increasing waveguide
width and fixed thickness of 150 nm. Solid (dashed) lines denote TE (TM) polarisations. (b)
Fundamental mode profiles for both polarisations and three different widths: 1 µm, 0.5 µm,
and 0.2 µm. Modes are also labelled with their confinement factors.

Both delay lines for propagation loss measurements and bus-coupled rings were tested with the
set-up shown in Fig. 2(a). The free space output of a New Focus Velocity TLB-6704 was passed
through a polarization isolator before being launched into polarization maintaining fiber (PMF).
This fiber then couples to a second PMF terminated with a lensed tip (OZ Optics), allowing for
optical coupling to the on-chip waveguides. Additionally, the fiber was mounted in a rotating
holder, so that its linearly polarised output could be rotated into TE or TM polarizations with
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respect to the waveguides. The opposite facet of the chip was imaged with a 20× microscope
objective. The collected light was passed through a polarization beam splitter (PBS) and
iris, before focusing on a CMOS camera (Thorlabs DCC1514M-GL) and an amplified silicon
photodetector (PDA100A2), via a beam-splitter. The laser was swept continuously from 635 to
638 nm, while the detector synchronously measured the transmitted power. Data was collected
with an Agilent MSO6104A0-1GHz oscilloscope. A trinocular microscope mounted above the
device allowed for the capture of images during the measurement, such as those in Fig. 2(b,c) of
a microring off and on resonance.
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Fig. 2. (a) Optical setup used to take transmission spectra. (b) Image of a portion of an
array of rings. (c) Images of a ring coming onto resonance during a wavelength sweep.

3. Delay line propagation loss

To begin, delay lines of increasing length were used to measure the propagation losses for
TE polarisation input. Different sources were used to take these measurements over a range
of visible wavelengths. Doing so required swapping the tunable TLB-6704 laser with one
of a number of fibre-coupled sources commercially available (e.g. Thorlabs LP852-SF30,
LP520-SF15, LP450-SF15). Other narrowband components were swapped with their appropriate
wavelength equivalents, but the simple nature of the optical set-up essentially allowed for the
rapid characterisation of a device over broad wavelength ranges simply by swapping the optical
input to the lensed PMF.

The sets of delay lines tested featured lengths ranging from 0.498 cm up to 30.08 cm. The
results for a width of 800 nm, averaged over three nominally identical chips, are shown in Fig. 3.
For wavelengths of 630 nm and above the traditional cutback method was used to measure
insertion loss as a function of guide length. Waveguide propagation loss was calculated from the
slope (on a dB scale) of the insertion loss versus delay line length. For wavelengths of 520 nm and
below, the extreme path lengths involved weakened the transmitted signal to below the detection
limit. However, a measurement could still be made by analysing the vertically scattered light,
the intensity of which decays exponentially along any selected length of waveguide propagation.
Therefore, vertically scattered light was imaged with a long working distance microscope and
CMOS camera. The local intensity of the optical mode in the waveguide is assumed to be linearly
related to the scattered light collected. Local scattering around the waveguide was measured in
small regions of interest to average out pixel to pixel variations. The integrated intensity in these
regions of interest were then plotted as functions of length along the delay line, as in Fig. 3(a).
Since the longer wavelengths could traverse the full length of the delay line, both the inward and
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outward directions of the spiral were illuminated. This limited the ability to resolve sections
of waveguide to integrate the vertically scattered intensity over, and prevented a comparative
measurement of the two methods.
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Fig. 3. (a) Individual propagation loss measurements, averaged over three chips, taken
across the visible spectrum. (b) Propagation loss values, extracted from the slopes of the
line fits above, with error bars denoting one standard error in the slope estimate.

The slopes of the straight line fits in Fig. 3(a) are the data points in Fig. 3(b), which also
features some top-down images of the illuminated delay lines during the measurement process.
Losses are <1 dB/cm for wavelengths >600 nm, but increase towards the blue end of the spectrum.
Although relatively high, similar losses at shorter wavelengths have been noted in SiN guides of
similar dimensions [25,26]. These losses can be mitigated by optimising the waveguide geometry
– by either increasing its bend radius from its present value of 150 µm, or increasing the width
beyond 800 nm. Furthermore, future designs could feature delay lines of shorter overall length,
so that a cutback measurement could be made to verify these results in the shorter wavelengths.

4. Ring resonator transmission

Separate chips, featuring sets of evanescently side-coupled all-pass ring resonators were then
measured using a laser source tunable over 635–638 nm, as shown in Fig. 2. Both the waveguide
width and coupling gap were varied. Transmission spectra showed combs of modes characteristic
of single mode rings, even for those widths which according to Fig. 1(a) support weakly
confined higher order modes. Resonance lineshapes were fitted with the well-known notch-filter
transmission function [27]:

Tn =
a2 + r2 − 2racos(ϕ)

1 + (ra)2 − 2racos(ϕ)
, (1)

where a is the single-pass field amplitude transmission in the ring (a = 1 for a lossless ring),
from which the distributed loss α can be calculated and expressed in units of dB/cm. r is the
bus waveguide’s self-coupling coefficient, which (for lossless coupling) is related to the power
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cross-coupling, κ, through κ = 1 − r2. Loss in the coupling section is therefore contained in
the parameter a. The single-pass phase shift in the ring, ϕ, relates to the propagation constant
β through ϕ = βL, where L is the cavity length. The free parameters a and r, which enter
Eq. (1) symmetrically and would otherwise be indistinguishable, can in the present case be
disentangled by inspecting trends in the coupling with respect to gap and waveguide width [28].
Critical-coupling occurs when r = a, under-coupling when r>a, and over-coupling when r<a.
The loaded Q factor, QL, can be written as the following function of these parameters [27]:

QL =
πngL

√
ra

λr(1 − ra)
, (2)

where λr is the resonant wavelength, L is the cavity length, and ng is the group index, given by
[27]:

ng = neff − λ0
dneff

dλ
=

λ2

FSR × L
, (3)

with FSR the free-spectral range. Finally, the intrinsic Q factor is given simply by [16]:

Qint =
2QL

1 ± T1/2
0

, (4)

where T0 is the normalised on-resonance transmission, and the summation or subtraction in the
denominator is taken in the case of under-coupling and over-coupling respectively.

4.1. TE performance

Figure 4 shows two spectra and exemplary resonance fits on those dips labelled with red arrows.
These measurements were made for TE input. Figs. 4(a,b) correspond to an under-coupled ring
of waveguide width of 1 µm, while Figs. 4(c,d) correspond to a near critically coupled ring of
width of 0.5 µm. The coupling gap for both was nominally constant, at 300 nm. The respective
loaded (intrinsic) Q factors of the resonances in Fig. 4(b) and (d) are 1.56 × 106 (1.67 × 106) and
2.20 × 105 (4.40 × 105).

These represent some of the narrowest and deepest resonances measured for a TE polarisation.
TM resonances with narrower intrinsic linewidths will be detailed later. A selection of
representative TE lineshapes for different widths are overlaid in Fig. 5, and clearly show a trend
toward critical coupling for a waveguide width of 500 nm. Narrower guides were over-coupled,
and increasingly wider guides were increasingly under-coupled, featuring a monotonic decrease
in linewidth and extinction.

Irrespective of coupling, a change in width will also change the ring loss and intrinsic Qint
factor. These statistics are plotted in Fig. 6, where Fig. 6(a) shows results from a single chip,
and Fig. 6(b) shows results from all three chips. Note the minimum loss for a width of 800 nm
is in agreement with earlier propagation loss measurements at 630 nm on guides of the same
geometry. The slight increase in loss overall can be attributed to additional loss sources contained
in a ring’s distributed loss, such as loss in the coupling section [27]. From a single fit (shown in
Fig. 4(b)), the best Qint and distributed loss values at TE are 1.67 × 106 and 0.49 dB/cm, with the
averages over the six resonances in that spectrum being 9.79 × 105 and 0.94 dB/cm. Finally, the
power cross-coupling is well modelled by a simple exponential fit, as in Fig. 6, reflecting the
dependence of the coupling on the exponentially decaying evanescent tails in the bus and ring
waveguides.

4.2. TM performance

Analysis of the rings for TM begins in a similar fashion, with the waterfall plot shown in Fig. 7.
Unlike the TE case, this first set of TM results are entirely over-coupled – evident in the trends of
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Fig. 4. (a) Under-coupled ring transmission, (width = 1 µm, gap = 300 nm). (b) Fit on
resonance dip labelled by red arrow in previous, with loaded QL shown. (c) Critically
coupled ring transmission, (width = 0.5 µm, gap = 300 nm) (d) Fit on resonance dip labelled
by red arrow in previous.
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Fig. 5. (a) Typical TE lineshapes for different waveguide widths and a fixed gap of 300 nm.
Critical coupling is observed for a width of 500 nm. (b) Mean extinction values for fitted
peaks in each width’s corresponding spectra.



Research Article Vol. 13, No. 2 / 1 Feb 2023 / Optical Materials Express 464

Width (nm)

0

0.1

0.2

0

2

4

6

(d
B/

cm
)

0

0.5

1

1.5

Q
 (

10
6 )

400 600 800 1000
0

0.5

1

1.5

Q
in

t
(

10
6 )

Width (nm)
400 600 800 1000

(a) (b)maxQ3
minmedianmean Q1

L

Fig. 6. (a) Boxplots of extracted fit parameters for one chip at TE, g = 300 nm. (b) The
same, for all three chips and 158 resonances in total.

the example lineshapes in Fig. 7(a), the absence of a sharp increase in mean extinction in Fig. 7(b),
and the fact that extracted power cross-coupling values are well modelled by an exponentially
decaying function (Fig. 8). It may be argued that there exists an intermediate waveguide width
for which the coupling would be critical. However, if this were the case, then the wider guides
would be under-coupled if nominal trends were maintained. If, for example, a width of 1 µm
was in fact under-coupled, there would be a sharp decrease in Qint that would reverse the trend
shown in Fig. 8. Presently, the best average Qint is 2.32 × 106, measured for a width of 1 µm.
In the under-coupled case, according to Eq. (4), this would reduce to 7.73 × 105. Given both
the unlikelihood of this trend reversal, and the steady increase in mean extinction for decreasing
width, we can be confident these TM resonances are all over-coupled.
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With this in mind, we note an extremely high Q resonance, shown in Fig. 9, which was taken
for the same device whose TE transmission is shown in Fig. 4(a) – a width of 1 µm and gap of
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Fig. 8. (a) Boxplots of extracted fit parameters for one chip at TM, g = 300 nm. (b) The
same, for all three chips and 167 resonances in total.

300 nm. As expected, the loaded QL is lower than the under-coupled TE case, at 9.14 × 105.
However, an exceptionally low distributed loss of 0.19 dB/cm gives this TM resonance a Qint
of 3.69 × 106. This is the highest value recorded in literature in this wavelength range for high
confinement rings, to the best of our knowledge. Over all the resonances shown in Fig. 9(a),
mean Qint and α values of 2.28 × 106 and 0.32 dB/cm are measured. For a width of 1 µm, of the
28 resonances measured over 3 identical chips, 20 had a Qint in excess of 2 × 106. While both
polarisations offer <1 dB/cm of ring loss, an improved performance for TM is likely due to the
difference in mode profiles, and the reduction in confinement to the SiN core evident in Fig. 1(b).
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Fig. 9. (a) TM transmission spectra, (width = 1 µm, gap = 300 nm). (c) Fit on the resonance
labelled, with peak Qint of 3.69 × 106.

Finally, since for the original gap of 300 nm the rings start out over-coupled for TM, it is
logical to increase this gap and examine trends in device performance in a similar fashion as
above. These results are shown in Fig. 10, for two representative widths. An increase in bus-ring
separation exponentially decreases the power coupled between the two, until at some separation
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the coupled power matches the power lost in the ring and critical coupling is achieved. Red
circles denote rings either at, or approximately at, critical coupling, demonstrating less lossy
rings with wider waveguides require a smaller power cross-coupling fraction to achieve critical
coupling (r = a). Meanwhile, the loss values (and hence Qint) are exceedingly flat with respect
to coupling gap. Even for narrow guides, this flatness is maintained, suggesting no significant
dependence on any loss in the point-coupling section between bus and ring. This shows that the
coupling gap is an effective way – well within fabrication tolerances – to target critically coupled
rings. This method is especially effective for narrower guides whose increased losses push the
critical gap to values far from the minimum separation defined by the lithography process. For
high Q rings with widths of 1 µm, increased modal confinement and greatly reduced ring losses
(a ≈ 1) mean the gap must be much more gradually changed to attain critical coupling. This is
evident in the flattening of the exponential trends in κ for increasing widths in Fig. 10. While such
gradual changes may still be within fabrication tolerances, it may be easier to fix the coupling
gap at some value and instead use racetrack resonator structures. The power cross-coupling
can then be marginally increased by laterally offsetting the racetrack with respect to the bus
waveguide, reducing the effective coupling length between the parallel sections of bus and
racetrack waveguides.

Gap (nm)

0

0.2

0.4

0

2

4

(d
B/

cm
)

300 350 400 450 500 550 600 650 700
0

0.5

1

Q
 (

10
6 )

Width (μm)
0.4
0.7

L

Fig. 10. (a) Boxplots of extracted fit parameters for one chip at TM for increasing gap, two
waveguide widths, and 74 resonances in total. Red circles denote those geometries which
are critically coupled.

5. Conclusion

We have presented a detailed analysis of a commercially available SiN platform operating at
visible wavelengths. Typically, exceptionally high Q factors come at the cost of decreased
confinement, large bend radii, and increased device footprint. Here we have shown record Q
factors of 3.69 × 106, in a single mode ring with a radius of just 110 µm and width 1 µm – useful,
for example, in applications of visible light soliton microcomb generation [29] and chip-scale
optical parametric oscillators [30]. More generally, our systematic analysis over three chips and
399 resonances has shown device results which are highly reproducible and with low errors.
For example, losses are sustained at levels below 1 dB/cm for widths of 1 µm at TE, and below
0.5 dB/cm for TM. The availability of such a foundry-accessible platform for PICs transparent to
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visible wavelength represents an important advancement in the broadening of integrated optics to
include those applications not traditionally applicable to silicon photonics.
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