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We report on the design, fabrication, and characterization
of thin Si3N4 ultra-high-quality (UHQ) factor ring resona-
tors monolithically integrated on a silicon chip. The devices
are based on a strip-loaded configuration and operate at
both near-infrared (NIR) and third-telecom wavelengths.
This approach allows us to use a guiding Si3N4 core that
is one order of magnitude thinner than what has been re-
ported in the past for obtaining similar device perfor-
mances. Our strip-loaded devices benefit from the
absence of physically etched lateral boundaries to show
minute light scattering and, therefore, reducing signifi-
cantly scattering-related losses. Consequently, UHQs
of 3.7 × 106 in the NIR and high-quality factors of up to
9 × 105 in the C-band were measured for the guiding
material thickness of 80 nm and 115 nm, respectively.
These first results are subject to further improvements that
may allow employing strip-loaded resonators in nonlinear
frequency conversion or quantum computing schemes
within the desired spectral range provided by the material
transparency. © 2015 Optical Society of America

OCIS codes: (230.5750) Resonators; (230.7370) Waveguides;

(290.5880) Scattering, rough surfaces.
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Confining the electromagnetic radiation in ultra-small-mode
volumes for long times enhances significantly light-matter
interactions, leading to a rich spectrum of optical phenomena.
One way to confine light relies on using cavity structures that
possess extremely narrow spectral lines, known as ultra-high-
quality factor (UHQ) resonances [1]. On-chip integration of
UHQ resonators is of high significance for various fields of
practical applications, such as optical communication networks
[2,3], quantum optics [4,5], space [6,7], or sensing [8,9]
applications. Typical approaches to realize UHQ factors are
based on minimizing the cavity loss, which can be achieved by
choosing transparent materials, large-mode confinement, and
realization of smooth device boundaries during fabrication.

In the past, integrated UHQ resonators have been demon-
strated with transparent materials, such as silica [10,11] and
thick silicon nitride [12–14]. Etch-less techniques have also
been employed to realize UHQ devices using thermal oxidation
of Si [15].

Here we demonstrate the design, fabrication, and testing of
UHQ fully integrated planar resonators based on thin Si3N4

operating both in the NIR (780 nm) and in the third-telecom
(1550 nm) windows. These devices are based on a strip-loaded
configuration [16] and are realized through standard microfab-
rication tools [17]. The device concept relies on guiding light
within a thin Si3N4 planar layer below a silicon dioxide strip
[Fig. 1(a)]. The presence of the strip results in a mode-effective
refractive index, neff , which is larger than that of the planar
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Fig. 1. (a) Cross-sectional schematics of the device and the funda-
mental TE mode profile. (b) SEM micrograph of the facet of the fab-
ricated waveguides. Different layers are visualized using false colors.
From top: TEOS (green), Si3N4 (purple), thermal oxide (green),
silicon substrate (black). The pattern in the bottom cladding is due
to the transfer of the wafer topography during the definition of facets.
(c) A bird’s-eye-view SEM image of the resonator coupled to the wave-
guide. The insets show the same system viewed by an optical micro-
scope (left) and a detail of the coupling region (right).
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waveguide and, therefore, provides with the lateral confinement
for the guided optical modes within the Si3N4 slab. Since
most of the mode travels in a region without etched lateral
boundaries, the scattering losses resulting from the boundary
roughness are significantly reduced. The remaining scattering
losses mainly arise from the typical roughness of the planar film
(RMS ≈0.5 − 0.7 nm).

The system geometry is optimized separately for the NIR
range and the third-telecom window using a commercial FEM
solver [18]. In particular, we optimize the effective refractive
index contrast Δ for transverse-electrically (TE) polarized
single-mode waveguides. This quantity plays a fundamental
role in strip-loaded waveguides, since the higher the contrast
is, the smaller the bending losses are. In the strip-loaded
geometry, the effective index contrast may be defined as
Δ � �nstrip − nslab�∕nstrip, where nstrip and nslab are the strip-
guided and the slab-guided mode effective indices, respectively.
Indeed, when the strip mode leaks more and more from the
strip, its effective index decreases approaching nslab. The sim-
ulations show that, at a fixed wavelength,Δ shows a bell-shaped
dependence on the core (slab) thickness, d . Thus, optimizing
the geometry aims in finding the combination of core thick-
ness, strip width, and height at which Δ is maximized. In
particular, Δmax � 0.0293 (0.0238) and a strip width of
0.95 μm (2.4 μm) were found for NIR (telecom) wavelengths.
Such a small contrast imposes using large bending radii
(R > 200 μm) for achievement of UHQs. This results in larger
device footprints with respect to what fully etched thick Si3N4

resonators (R ∼ 40 μm) permit [12–14].
The simulations show that the in-plane evanescent tail of the

waveguide mode extends sufficiently far outside the strip. This
permits to realize large coupling gaps (∼1 μm) between the
waveguides and resonators, relaxing the fabrication constraints
[Fig. 1(c) inset].

The devices were fabricated starting from silicon wafers on
which 4 μm of thermal SiO2 was initially grown. We then de-
posited 80 nm (115 nm) of Si3N4 using low-pressure chemical
vapor deposition (LPCVD) technique for devices to operate at
NIR (telecom) wavelengths. After that, 650 nm (1100 nm) of
LPCVD TEOS silica glass was deposited on top of Si3N4. In
order to check the influence of silicon dioxide strip material on
the characteristics of devices, another set of wafers was covered
with SiOx using plasma-enhanced chemical vapor deposition
(PECVD). The wafers were then patterned lithographically,
and the strip material was etched down to ∼100 nm in a re-
active-ion-etching (RIE) chamber. The remaining thin layer of
the strip material was consequently removed in a buffered
hydrofluoric acid (BHF) solution. This combined dry/wet
etching procedure allowed to avoid possible damage of the
guiding Si3N4 layer during the aggressive dry etch and, addi-
tionally, guaranteed smoother walls in the lower part of the strip
where evanescent tails of the modes extend. A second litho-
graphic step combined with RIE defined the waveguide facets
[Fig. 1(b)] and chip boundaries.

The fabricated chips contain two different sets of devices:
(i) racetrack resonators with bending radii ranging from 75
to 350 μm coupled to waveguides, and (ii) S-bent waveguides
of different length and radius of curvature, R, which serve to

characterize the propagation and bending losses. The devices
are tested in waveguide transmission experiments. A tunable
laser was butt-coupled to the tapered waveguides using a lensed
fiber (total insertion loss of 3.8� 0.2 dB∕cm ). The signal
polarization was controlled at the waveguide input and ana-
lyzed at its output. The transmitted signal was collected with
a second fiber and sent to a photodiode.

Devices for third telecom range—In Fig. 2(a), a typical trans-
mission spectrum of a TEOS-loaded racetrack resonator with a
bend radius of 350 μm is shown. The spectrum is characterized
by densely packed set of resonances, separated by a free spectral
range (FSR) of ∼80 GHz. It also shows that the resonances are
almost critically coupled over a 90-nm wavelength range with
extinction ratios larger than 50 dB around 1550 nm.

A blow-up around few resonant features evidences also
an oscillating background below maximum transmittance
[Fig. 2(b)]. The oscillations are due to the Fabry–Perot cavity
formed by multiple reflections from waveguide facets [19].
Fitting of spectra, accounting for both the Lorentzian lineshape
of resonances and the Fabry–Perot background, has been per-
formed using
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where t12 (t21) is the amplitude transmission coefficient for the
wave impinging on the air–waveguide (waveguide–air) boun-
dary, r21 is the amplitude reflection coefficient at the waveguide
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Fig. 2. (a) The normalized transmission spectrum of a strip-loaded
resonator of R � 350 μm, operating at telecom wavelengths.
(b) Blow-up of the spectrum, showing resonances and the oscillating
background due to Fabry–Perot (FP) reflections from waveguide fac-
ets. Fits to the resonances, using Eq. (1) are displayed in red. The
spectra have been normalized against the FP maxima.
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facet, β is the waveguide-mode propagation constant, L is the
length of the waveguide, and tR is the resonator amplitude
transmission. In particular, the estimated reflectance per facet
over all analyzed devices was found to be always under 1%.

The experimental data show that the TEOS-loaded resona-
tors with the largest bend radius (350 μm) posses the highest
Q-factors among the ones designed for the telecom wave-
lengths. The intrinsic quality factors, Qi, of these devices lower
monotonically from 2.0 × 105 at shorter wavelengths to 1.25 ×
105 at λ � 1570 nm. Considering that the used materials are
highly transparent and that backscattering-induced resonance
splitting is absent [20], this trend is attributed mainly to the
contribution from bending losses to the Qi . Indeed, although
the scattering is largely reduced, the bending losses become the
main loss channel, because of the relatively weak lateral con-
finement of the optical mode. Additionally, few samples were
annealed at 975°C for four hours in anN2 atmosphere with the
intention to reduce minute absorption losses of materials re-
lated to the Si–H and O–H bonds [17,21]. Indeed, our data
demonstrate that post-annealing increases the Qi by a factor
of two.

The PECVD glass shows a refractive index (n � 1.464)
higher than that of TEOS (n � 1.436) and, therefore, results
in lower bending losses as a result of larger mode confinement.
On the other hand, the larger amount of hydrogen trapped
in PECVD SiOx leads to a larger absorption losses with respect
to the TEOS glass. The analysis of measured spectra for
samples with SiOx strips shows that submillion (0.9 × 106) in-
trinsic quality factors were achieved at telecom wavelengths.
Interestingly, the high-temperature treatment of these samples
results in Q-factors comparable to those of TEOS-loaded ones.
This fact is explained by the decrease of SiOx refractive index
down to values of TEOS due to the outgasing of H2 and reor-
ganization of the SiOx matrix, which leads to weaker mode
confinement and higher bending losses.

Devices for NIR range—The characteristics of the NIR laser,
operating in the wavelength range between 760 and 790 nm,
do not allow to perform a detailed analysis similar to that made
for the telecom wavelengths. The testing of the racetrack res-
onators with the smallest ring radii and the smallest strip width
of 950 nm led to Q-factors of up to 3.4 × 104 (R � 75 μm),
1.6 × 105 (R � 100 μm), and 3.2 × 105 (R � 125 μm), with-
out any evidence of resonance splitting or presence of high-
order families. This time, the measurement on samples with
PECVD glass strips did not show significant improvement
of the Qs with respect to samples with TEOS strips. This is
possibly explained by the fact that absorption losses of
PECVD SiOx in the NIR wavelength range are high enough
to compensate benefits of the reduced bending losses. The test-
ing of the resonator with strip width of 2.4 μm and bending
radius of 350 μm leads to the demonstration of the highest Q-
factors measured in this work. Figure 3(a) shows an example of
a spectrum with undercoupled resonances, separated by a FSR
of 56 GHz and UHQs of 3.7 × 106 [Fig. 3(b)]. Table 1 sum-
marizes the results obtained for both TEOS and PECVD glass
strip-loaded resonators.

Propagation and bending losses—In order to obtain a better
knowledge about the optical quality of strip-loaded waveguides,
we characterized the losses on chips containing S-bent wave-
guides realized in the same process with strip-loaded resonators
(Fig. 4, inset). The two different layouts contain: (i) two
straight waveguides of length L connected with an S-bend
of two πR-long segments, with a total length of 2�L� πR�,
and (ii) several straight waveguides (m × L) connected in series
with a fixed radius S-bend. Thus, the first set of waveguides has

Fig. 3. (a) The normalized waveguide transmission spectrum of a
strip-loaded racetrack resonator with a bend radius of 350 μm, oper-
ating in the NIR. (b) The detailed spectrum of one of the resonances
is shown together with the corresponding Lorentzian fit (full line).
The resonance is undercoupled, therefore, the estimated UHQ of
Q ≈ 3.6 × 106 represents its intrinsic value, Q ≅ Qi .

Table 1. Quality Factors and Losses of Strip-Load Resonators at NIR Wavelengths

Dimensions TEOS PECVD

Radius (μm) Strip Width (nm) Q tot Qi αi (dB/cm) Q tot Qi αi (dB/cm)

75 950 3.4 × 104 5.5 × 104 11 5.6 × 104 7.4 × 104 8.3
100 950 1.6 × 105 2.1 × 105 2.8 1.7 × 105 2.1 × 105 2.9
100 1200 3.7 × 105 4.6 × 105 — 3.2 × 105 3.4 × 105 1.8
125 950 3.2 × 105 3.3 × 105 — — — —
150 2400 3.6 × 105 4.1 × 105 1.8 — — —
250 2400 2 × 106 2.1 × 106 0.3 — — —
350 2400 3.6 × 106 3.7 × 106 0.2 — — —

Note: Data uncertainties are dropped because of insignificant values. The missing data could not be retrieved due to the lack of distinguishable resonances or to the
impossibility of calculating the FSR.
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a varying bending radius, R, while in the second, R is large and
fixed (so that the bending losses are constant and negligible),
and the overall waveguide length is varied. This permits to sep-
arate the contributions of both the propagation and bending
losses. While the propagation loss, αp, can be calculated from
Lambert–Beer’s law, the bending loss dependence on the radius
can be estimated using αb�R� � c1e−c2R , with c1 and c2
constants [22].

Figure 4 shows a satisfactory fit to the experimental data.
The results at telecom wavelengths for the TEOS-loaded
samples suggest a propagation loss coefficient of αp � 2.3�
0.2 dB∕cm, while c1 � �2� 1� × 103 dB∕cm and c2 �
�3.8� 0.4� × 102 cm−1. Similar analysis for samples with
PECVD strips result in αp � 2.8� 0.4 dB∕cm, c1 �
�1.2� 0.5� × 103 dB∕cm, and c2 � �3.9� 0.3� × 102 cm−1.
In both type of samples, we observe that bending losses become
negligible for R ∼ 200 μm. On the other hand, similar experi-
ments at NIR did not provide sufficiently clear data points be-
cause of the stability constraints of the laser source. However, it
is still possible to extract the loss coefficient from the resonators
spectra following the relation α � λ0

FSR�λ0�QR, where λ0 is the
resonant wavelength. Such estimated losses for resonators with
small radius and strip width are of the order of 11 dB∕cm,
while much lower coefficients (0.2 dB∕cm) were found
for R � 350 μm.

In conclusion, we have demonstrated that a strip-loaded
configuration can be used to realize planar integrated resonators
based on thin stoichiometric silicon nitride, Si3N4. Our ap-
proach allows to omit etching of the guiding material, which
brings the benefit of having negligible mode scattering. The
devices operate at both NIR and telecom wavelengths and
show ultra-high Qs of 3.7 × 106 and 0.9 × 106, respectively.

Importantly, the strip-loaded configuration permits to use very
thin (80 nm) guiding layers to achieve performances competing
with devices fabricated with 900-nm-thick Si3N4, which use
special treatments to avoid film cracking [14]. Thanks to
the achieved Q-factors, these devices can be further optimized
to provide an on-chip platform of potential interest for many
fields of nowadays research.

Funding. Autonomous Province of Trento, Trento, Italy
(project “On silicon chip quantum optics for quantum com-
puting and secure communications—SiQuro”) (Call “Grandi
Progetti 2012”).

Acknowledgment. The authors thank D. Gandolfi for
help in optical characterization and acknowledge the support
of the Microfabrication Laboratory staff of FBK during sample
fabrication.

REFERENCES

1. K. J. Vahala, Nature 424, 839 (2003).
2. V. R. Almeida, C. A. Barrios, R. R. Panepucci, and M. Lipson, Nature

431, 1081 (2004).
3. L.-W. Luo, N. Ophir, C. P. Chen, L. Gabrielli, C. B. Poitras, K.

Bergman, and M. Lipson, Nat. Commun. 5, 3069 (2014).
4. H. Rokhsari and K. J. Vahala, Phys. Rev. Lett. 92, 253905 (2004).
5. D. Grassani, S. Azzini, M. Liscidini, M. Galli, M. J. Strain, M. Sorel,

J. E. Sipe, and D. Bajoni, Optica 2, 88 (2015).
6. T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, Science 332, 555

(2011).
7. A. Pasquazi, L. Caspani, M. Peccianti, M. Clerici, M. Ferrera, L.

Razzari, D. Duchesne, B. E. Little, S. T. Chu, D. J. Moss, and R.
Morandotti, Opt. Express 21, 13333 (2013).

8. M. J. Thorpe, K. D. Moll, R. Jason Jones, B. Safdi, and J. Ye, Science
311, 1595 (2006).

9. J. Zhu, S. K. Ozdemir, Y. Xiao, L. Li, L. He, D. Chen, and L. Yang, Nat.
Photonics 4, 46 (2009).

10. D. K. Armani, T. J. Kippenberg, S. M. Spillane, and K. J. Vahala,
Nature 421, 925 (2003).

11. H. Lee, T. Chen, J. Li, K. Y. Yang, S. Jeon, O. Painter, and K. J.
Vahala, Nat. Photonics 6, 369 (2012).

12. A. Gondarenko, J. S. Levy, and M. Lipson, Opt. Express 17, 11366
(2009).

13. F. Ramiro-Manzano, N. Prtljaga, L. Pavesi, G. Pucker, and M.
Ghulinyan, Opt. Express 20, 22934 (2012).

14. K. Luke, A. Dutt, C. B. Poitras, and M. Lipson, Opt. Express 21, 22829
(2013).

15. A. Griffith, J. Cardenas, C. B. Poitras, and M. Lipson, Opt. Express 20,
21341 (2012).

16. V. Ramaswamy, Bell Syst. Tech. J. 53, 697 (1974).
17. N. Daldosso, M. Melchiorri, F. Riboli, M. Girardini, G. Pucker, M.

Crivellari, P. Bellutti, A. Lui, and L. Pavesi, J. Lightwave Technol.
22, 1734 (2004).

18. COMSOL Multiphysics, User’s Guide (COMSOL AB, 2013).
19. R. G. Walker, Electron. Lett. 21, 581 (1985).
20. M. L. Gorodetsky, A. D. Pryamikov, and V. S. Ilchenko, J. Opt. Soc.

Am. B 17, 1051 (2000).
21. C. H. Henry, R. F. Kazarinov, H. J. Lee, K. J. Orlowsky, and L. E. Katz,

Appl. Opt. 26, 2621 (1987).
22. E. A. J. Marcatili, Bell Syst. Tech. J. 48, 2103 (1969).

Fig. 4. Transmission of S-bend waveguides operating at 1550 nm
as a function of the bend radius. The experimental data are normalized
against the transmission of a 2L-long straight waveguide. The dashed
blue line shows the trend of the output intensity due to propagation
losses obtained from fit, while the red continuous line accounts for
both propagation and bending losses. Error bars account for measure-
ments on different chips.
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