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Abstract—Integrated optical resonators are key building blocks
for an ever-increasing range of applications including optical
communications, sensing, and navigation. A challenge to today’s
photonics integration is realizing circuits and functions that
require ultralow loss waveguides on-chip while balancing the
waveguide loss with device function and footprint. Incorporating
Si3N4/SiO, waveguides into a photonic circuit requires tradeoffs
between waveguide loss, device footprint, and desired device spec-
ifications. In this paper, we focus on the design of resonator based
circuits in the silicon nitride platform and the balancing of desired
properties like quality factor Q, free spectral range, finesse, trans-
mission shape with waveguide design, and footprint. The design,
fabrication, and characterization of two resonator-based circuit
examples operating at 1550 nm are described in detail. The first
design is a thin core, large mode-volume bus-coupled resonator,
with a 2.72 GHz free spectral range and a measured intrinsic Q of
60 million and loaded Q on the order of 30 Million, representing the
highest reported loaded Q for a large mode volume resonator with
a deposited upper cladding. The second circuit is a thicker core,
smaller footprint, low loss flat passband third-order resonator
filter with an ultrahigh extinction ratio of 80 dB tunable over
100% of the free spectral range and insertion loss under 1.3 dB.

Index Terms—Optical waveguides, optical resonators, high ex-
tinction optical filters, resonator filters.

1. INTRODUCTION

NTEGRATED optical resonators have become critical com-
ponents to an ever-increasing array of applications including
data communications [1], microwave photonics [2], and non-
linear optics [3]. The requirements for the resonator’s proper-
ties vary widely across these functions and applications. For
example, frequency stabilization and linewidth narrowing, have
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substantial demands on the quality factor (Q), while applications
like filtering require large free spectral range (FSR), high extinc-
tion ratios and engineered passbands. High Q resonators require
very low waveguide propagation losses and optimized bus to res-
onator coupling designs to increase the loaded Q (Q)) or create
a condition of critical coupling. On the other hand, applications
like filtering require resonators that can realize tunable higher-
order filters with a high extinction ratio, low insertion loss and
flat passband. Very high extinction ratio filters using coupled-
resonator optical waveguide (CROW) style [4] resonators have
achieved extinction ratios as high as 70 dB, using an eleventh-
order resonator design [5]. These higher-order resonator filters
have application in communications systems [1], parametric
amplifiers [6], non-magnetic optical isolators [7], microwave
photonics [8], and for quantum communications and computing
that employ frequency conversion [9]. Additionally, many of
these applications require very high-power handling capabili-
ties either in terms of resonator power storage or linear filter
operation.

Reaching very high loaded Q resonators requires very low
propagation loss enabled by SizN; waveguides. Certain ap-
plications (e.g., photonic microwave synthesizers and optical
gyroscopes) require large mode volumes (FSRs on the order
of GHz), single polarization mode operation, and high loaded
Q s. These designs utilize thin high-aspect ratio silicon nitride to
minimize sidewall scattering and provide a dilute optical mode
that can support very high waveguide intensities without induc-
ing optical nonlinearities. This is in contrast to silicon nitride
resonators designed for nonlinear optical applications where the
light is tightly confined in the core using thick waveguides, with
higher propagation loss, and hence smaller mode volumes to
reach loaded Q s of similar value [10]. The resonators in this
paper are designed for mid- to large mode volumes, and utilize
high aspect ratio silicon nitride waveguide designs that have
reported propagation losses as low as 0.045 dB/m [11], with
the modification that in this work the upper cladding is grown
using TEOS-PECVD oxide instead of a bonded thermal oxide
upper cladding layer. Waveguides that use bonded hydrogen free
thermally grown oxide upper cladding layers have been used to
demonstrate resonators with Q; as high as 42 million [12] with
waveguide losses of 0.32 dB/m. However, for flexible, complex
photonic circuits and integration with silicon photonic and III/V
photonic components, wafer bonded upper claddings pose se-
rious limitations. Therefore, resonators with a deposited upper
cladding, such as those demonstrated in this work, enable more
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Fig. 1. Typical bend radii and losses are reported for various Siz Ny waveguide
core thicknesses, as well as corresponding FSR and Q s. The given finesse is
for a critically coupled single bus resonator. The loss values reported are from
typical measurements, the bend radii are from simulations. The FSR, Q, and
finesse are calculated based on the loss and radius for single bus ring at critical
coupling. The radii are larger than the bend loss limit, therefore the bending
losses are assumed to be negligible.

complex integration with a wide variety of previously demon-
strated silicon nitride low loss photonic components such as
active layers with hybrid silicon [13] or erbium doped waveg-
uides [14] as well as integration with silicon photonic and III/V
photonic circuits.

In this paper, we describe how compact, higher-order bus-
coupled resonators circuits can be designed and fabricated on
the same platform as large mode volume high Q bus-coupled
resonator circuits by tailoring the waveguide geometry to the
requirements of a high performance tunable filter or a high per-
formance high Q large mode volume resonator. We present the
design and fabrication of a third-order resonator filter, fully tun-
able over the full FSR, with a record high third-order extinction
ratio of 80 dB and an insertion loss of 1.3 dB. We also describe
the design and fabrication of a record high mode volume and
high loaded Q resonator that operates with a single TE mode,
free spectral range and finesse. These circuits are described in
the context of the relationship between waveguide geometry and
resonator properties, such as FSR, Q and Finesse.

II. Si3N, WAVEGUIDE RESONATOR DESIGN

In the low loss SigN, waveguide platform, the waveguide
losses and the bend-loss-limited radii that can be achieved are
dependent on the waveguide core thickness. Higher thickness
cores have higher losses from sidewall scattering [15] while
thinner cores are limited to extremely large bend radii. This de-
sign space is illustrated in Fig. 1 which summarizes waveguide
performance and the corresponding resonator characteristics for
varying core thicknesses.

The Q of the resonator can be expressed as (1) [12]:

Q= 2rT,)1" (1)

Here, T}, is the round-trip time of the resonator, v is the free
space frequency of light, and [ is the fractional power loss per
round trip. If the coupling loss is included, then (1) represents
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the Q; of the resonator; if the coupling loss is excluded, then it
represents the intrinsic Q (Q;). To reach Q; values greater than
tens or hundreds of millions, extremely low waveguide losses
are required. The record lowest loss reported in this platform
utilize very thin 40 nm waveguide cores shown at the far left
of Fig. 1. Resonators designed using these cores and deposited
upper cladding can support Q;s on the order of 62 million,
corresponding to a waveguide loss of 0.4 dB/m and a radius of
11.83 mm. However, because the modes of these waveguides are
poorly confined, the resonators require bend radii on the order of
10 mm. This bend radius enables large mode volume resonators
for device functions and applications that work well with small
FSRs and large resonator footprints, such as reference cavities
or rotational sensing. The quantities used to calculate the losses
and Q factors for the large mode volume resonator on the left
and the smaller mode volume resonator on the right in Fig. 1 are
described in detail in this paper. The details for second and third
resonator examples are based on measured waveguides losses
and simulated bend loss performance. The resulting Q, FSR,
and finesse are calculated from these values.

Increasing the waveguide core thickness creates a more con-
fined mode and allows much tighter bend radii and FSRs over
100 GHz. The thicker waveguides and their properties are shown
at the far right of Fig. 1. Thicker waveguide cores have increased
propagation loss and therefore lower achievable Q s. Resonators
designed using these cores can support Q; s on the order of
2 million, corresponding to a waveguide loss of 17 dB/m and a
radius of 0.3 mm. Because of this trade-off, these thicker waveg-
uides are better suited to applications in filtering or for devices
with specific FSR requirements. Higher-order ring resonators
can create extremely high extinction ratios with passbands
that have a high shape factor while maintaining low insertion
loss even with the higher propagation loss of the thicker
waveguides.

Previous high Q resonators published on this platform made
use of wafer bonding to create the upper cladding [12]. In this
work, we use waveguides with deposited upper claddings, en-
abling resonator integration with either an erbium doped active
layer as in [14] or coupling to a bonded III-V layer as in [13].
Additionally, bonded upper claddings require a very thick SiO,
layer, usually 15 pum [15], to avoid leakage into the Si layer
above the bonded oxide. The bend loss of a given core thickness
varies with the upper cladding thickness, shown in the simula-
tion presented in Fig. 2 for a 90 nm waveguide core. The bend
loss at low cladding thicknesses is caused by presence of the low
index air, which squeezes the mode horizontally. As the cladding
increases, this squeezing effect decreases, and the bend loss de-
creases to an optimum. As the cladding is further increased
beyond this optimum, the mode asymptotically approaches the
large mode size of the infinite cladding case, and therefore an
increasing bend loss. The optimal cladding thickness is substan-
tially thinner than the 15 pum required for a bonded cladding,
thus deposited upper claddings can target thicknesses for tighter
bend radii. Many devices also require thermal tuning. Using a
bonded cladding prevents the application of a metal heater layer
as in [16], without the added complexity of substrate removal.
Lastly, a bonded cladding creates a visually opaque mask over



HUFFMAN et al.: INTEGRATED RESONATORS IN AN ULTRALOW LOSS SI3 N, /SIO, PLATFORM FOR MULTIFUNCTION APPLICATIONS

. @ .
. ®
. . N L
01 e .
— . .
»
E - . . e e
2] . . ® .
= - o, . Bonded
2 oo % . . pper
=1 . . cladding
—_ . . ckness
= 2] & thicknes:
=1 . ®
5 =’ .
=3 L]
0.001 "
'.‘ o Bend Radius = 900pm
® Bend Radius = 1000jm
® Bend Radius = 1 100jm
0.0001
o 5 10 15 20

L ]hper Cladding Thickness (pum)

Fig. 2. Simulated bend loss vs upper cladding thickness for three different
bend radii for a 90 nm waveguide core at a wavelength of 1550 nm showing an
optimum upper cladding thickness for lowest bend limited loss for each bend
radii as described in more detail in text.

Fig. 3. Schematic of a Si3Ny ultra-low loss waveguide. The thickness of the
core, t1, can range from 40 nm to 175 nm. The thickness of the cladding, t2, can
range from 1 gm to 6 pm. The width of core, w, for a single mode waveguide,
varies inversely to the core thickness, ranging from 7 pm for very thin core to
2.2 pm for thicker cores.

the waveguide structures, greatly increasing the difficulty of
coupling to the waveguides when testing.

The waveguides are composed of a SigNy core, clad in SiOs,
as shown in Fig. 3. The lower cladding is 15 pm thermally
grown wet oxide on a standard 100 mm Si wafer. The lower
cladding is designed to be sufficiently thick to prevent any
leakage to the high index Si. Thermal SiO- has excellent optical
properties and is preferable over deposited SiOs for such a thick
film. The core is deposited using low pressure chemical vapor
deposition (LPCVD), targeting a stochiometric film. LPCVD
films offer very high accuracy for layer thickness and good
uniformity across the wafer, which is critical for the thinner
nitride cores. The core is defined using deep ultraviolet (DUV)
lithography and a dry etch. The upper cladding is deposited us-
ing plasma enhanced chemical vapor deposition (PECVD) with
thicknesses varying from 1 pm to 6 pm, using tetraethoxysilane
(TEOS) as a precursor for Si. We chose PECVD for its good
step coverage and a high deposition rate as the uniformity and
thickness accuracy of LPCVD are not relevant for the thick
upper claddings. TEOS based SiO, has been used in the lowest
loss waveguide results [11] and outperforms silane, in part
because of its improved step coverage [17]. It should be noted
that the thermal oxide used for the lower cladding is inherently
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Fig. 4.  Waveguide modes for (a) a 175 nm core and (b) a 40 nm core. The
waveguide widths are set to the single mode limit.

hydrogen free and therefore the lowest absorption possible due
to hydrogen. The thermal oxide also maintains the characteris-
tics of the silicon substrate in terms of roughness which is very
small. Deposited films will retain some hydrogen content even
after annealing. However, in order to facilitate more complex
circuit fabrication and allow control elements like thermal
tuning and foundry compatible processes, the TEOS-PECVD
reported here represents the lowest loss waveguides with
deposited upper cladding to date. This fabrication flow using
deposited upper claddings can reliably achieve resonator losses
comparable to bonded upper claddings [12].

The waveguide loss is determined by a combination of mate-
rial losses, scattering losses, and bend losses. The scattering loss
is determined by the waveguide mode overlap with the rough
interfaces between the core and the cladding. This loss is pro-
portional to the square of the roughness of these interfaces [11].
The interface roughness with the upper and lower surfaces of
the core is determined by the deposition techniques and is low,
typically <0.02 nm RMS [11]. The roughness of the left and
right sidewall interfaces is determined by the line edge rough-
ness created by the photoresist and etch, and is on the order
of a few nanometers RMS. Thinner cores create modes with
low confinement and possess physically smaller sidewalls. The
increase in the mode size, and therefore reduced overlap with
the rough sidewalls, for a thinner waveguide core is illustrated
in Fig. 4. This results in lower scattering loss for thinner cores.

Although these lower confinement cores have improved scat-
tering loss performance, it comes at the cost of the bend radius.
Thinner cores experience a higher amount of bend loss at a
given radius than thicker cores. This increased bend loss limits
the FSR of devices and increases the footprint dramatically, as
depicted in Fig. 1. Moreover, because of the high aspect ratio
of the waveguides, the TE and TM modes experience extremely
different confinement and bend loss characteristics. In the case
of a 40 nm waveguide the TE mode has a simulated effective
area of 29 ym? while the TM mode has an effective area of
61.4 um?. As a result, the TM mode requires a much larger
bend radius to avoid extremely high losses. In the absence of
bends, the TM mode has lower propagation loss, due to reduced
scattering from the larger mode size. The radius of the wave-
guide can be chosen such that the TE mode experiences negli-
gible bend loss, while the TM mode is radiated away. A 40 nm
core waveguide bending at a radius of 9 mm has a simulated
TE bend loss of 0.001 dB/m whereas the simulated TM bend
loss is greater than 1000 dB/m. These waveguides can therefore
be used as polarizers and have been demonstrated to have a
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TABLE I
WAVEGUIDE AND RESONATOR PROPERTIES

Core Thickness Loss Qi Rmin FSR
(nm) (dB/m)  (millions) (mm) (GHz)
40 0.5 62.0 9.0 3.23
60 1.2 22.7 3.0 10.70
920 6.0 9.3 1.0 31.60
175 17.0 1.6 0.3 102.70
0.4dB/m
2.725GHz
6um
Qof 2 mion I T
—
Fum
T ——
(a) (b)
Fig. 5. (a) Resonator characteristics and (b) waveguide geometry.

(measurement limited) polarization extinction ratio as high as
75 dB [18]. Table I summarizes typical loss and radii of different
core thickness for the TE mode, as well as the accompanying
FSR and Q; for resonators with those cores.

Table I is constructed from reproducible measured waveguide
losses and simulated minimum radii for waveguides with de-
posited upper claddings and waveguide widths at the multi-mode
limit. The Q; and FSR are calculated assuming a ring made at
the minimum radius using the listed loss value. These values
can be immediately improved upon by using wider multi-mode
waveguides that further reduce the loss and decrease the bend
radius [15].

III. LARGE AREA, LARGE MODE VOLUME HIGH Q
RESONATORS

High Q resonator performance relies critically on low wave-
guide propagation losses, making the low loss thin 40 nm core
attractive. The large bend limit of the 40 nm core is not a lim-
itation in many applications that benefit from large area and
large mode volume resonators. Resonator characteristics for the
fabricated high Q device are shown in Fig. 5(a) using the 40 nm
waveguide shown in Fig. 5(b). The waveguide width results in
a single TE mode, and the TM mode experiences such high
loss, that there is no measurable resonance, resulting in a single
unique TE mode.

The thin core geometry and accompanying 0.4 dB/m of prop-
agation loss enables Q; on the order of 30 million and Q; of 62
million. The resonator layout is shown in Fig. 6. A single bus
waveguide was used to maximize the Q, of the device. The large
bend radius of 11.83 mm cannot fit within a single reticle of our
DUV stepper, which has dimensions of 21 x 25 mm. We utilize
waveguide stitching, demonstrated in [19] with waveguide coils,
between multiple reticles to define the entire resonator.

An offset in the bus waveguide is included to minimize un-
guided light coupling between the input and output fibers.
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Output/Transmission Port

Fig. 6. (a) Single bus high Q resonator layout and (b) image of fabricated
resonator.
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Fig.7. Coupling simulation for a straight waveguide coupler for a 40 nm core

with R = 11.83 mm.

The coupler design is presented in Section A, while the mea-
surement techniques appropriate for characterizing the fabri-
cated high Q resonators and corresponding results are presented
in Section B.

A. Coupler Design

To minimize the simulation complexity, the resonator was
designed with a directional coupler and straight waveguide bus
[12]. The coupling gap between the bus and the resonator wave-
guide of the directional coupler was determined through sim-
ulation using PhoeniX Software’s Optodesigner. The modes of
the bus and resonator are simulated using film mode matching.
The coupling was then calculated using coupled mode theory
[21].

The simulation shows an exponential relationship between
the gap and the power coupled, shown in Fig. 7. Two different
gap values of 5.4 ym and 6.0 ym were fabricated targeting
coupling ratios of 0.5% and 0.25% respectively. Resonators
with the targeted coupling value of 0.5% are referred to as A,
and resonators with the targeted coupling value on 0.25% are
referred to as B.

B. Resonator Measurement and Fitting Technique

Several high-Q measurement techniques appropriate for
characterization of integrated ring resonators include sideband
spectroscopy [22], approaches involving radio frequency
(RF) calibrated swept sources, and photonic cavity ring-down
[23], [24]. Analog methods involving frequency swept laser
sources, such as the piezo tuned laser source used in this
work, necessitate an independently calibrated optical frequency
standard [25]. The optical transmission of an unbalanced
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Fig.8. Calibrated MZI measurement setup. Signal generator (SG) 0-5 V ramp
signal to piezo controlled frequency tuning of source laser centered at 1550 nm.
The swept optical source is transmitted simultaneously through both the MZI
reference and polarization controller (PC) and resonator. Digital sampling os-
cilloscope (DSO) traces of frequency standard and DUT resonance FWHM are
displayed.

Mach-Zehnder interferometer (MZI) is a suitable frequency
standard for the high-Q resonator measurements [22] presented.
The unbalanced path length of the MZI was chosen such that its
FSR is comparable to the full width at half max (FWHM) of the
device under test (DUT). We employed a path length difference
of 200 xm resulting in an FSR of approximately 1 MHz.
However, before implementing the MZI frequency standard, its
FSR must be independently determined. For this MZI reference
calibration process, an independent SSB swept-source exper-
iment [22], [26] using a discrete stepped-sweep RF frequency
synthesizer was conducted. While the discrete nature of the
stepped-sweep limited the resolution of an SSB experiment
conducted for high Q resonator measurements, it was sufficient
for accurately determining the MZI FSR. The calibrated MZI
frequency reference enabled analog frequency swept resonance
width measurements and greater resolution Q measurements.

For the SSB calibration of the MZI frequency standard, a
laser source with carrier at vy was externally modulated by
an intensity modulator driven by a microwave frequency syn-
thesizer at frequency f;,. Cascaded fiber Bragg grating filters
were used to suppress upper sideband and carrier frequen-
cies, resulting in transmission of only the lower sideband at
Viow = Vo — [m - Alinear sweep of the modulation frequency in
time generates an RF calibrated optical frequency swept source,
Viow (t) = vy — fi, (t). Passing the swept source through the un-
balanced MZI generates the optical frequency transfer function
of the interferometer, with transmitted optical power maxima
and minima occurring at integer multiples of the FSR. This cal-
ibration method maps a known RF signal to an optical transfer
function resulting in a measured FSR of 1.07 MHz.

For resonator measurements, a fiber laser with built-in piezo
frequency tuning was transmitted simultaneously through both
the MZI and the resonator DUT. A diagram of the complete
MZI based Q measurement setup is presented in Fig. 8.

A Lorentzian fit was applied to the resonator Q spectrum to
extract key resonator characteristics, specifically the FHWM,
power coupling coefficient (x?), and ring waveguide loss (),
from the intensity transmission in (2) below [27], [28]. The vari-
able ¢ can be described as the single-pass phase shift, given by
the multiplication of the round-trip length with the propagation
constant of the circulating mode [27].

a® — 2racos ¢ + r?

1 2ar cos ¢ + (ra)®

2)
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Fig. 9. Resonator measurement with fit.
TABLE II
RESONATOR RESULTS
Q FHWM Loss Coup. Q
1 i
Sample | ilion) (MHz)  (dB/m) C(},’/e)f * (million)
0

Al 2145 9.02 0.59 1.04 4432
A2 23.55 8.22 0.42 1.14 61.95
Bl 28.10 6.89 0.52 0.68 50.38
B2 28.82 6.72 0.45 0.75 57.59

Parameters a (loss coefficient) and r (transmission coef-
ficient) from (2) are then used to calculate power coupling
coefficient, x> = 1 —r?, and ring waveguide loss coefficient,
a= —(loga?)L 1.

These measurement techniques were applied to the fabricated
resonators described in the previous section. Fig. 9 shows the
output port measurement of resonator B2, and remaining res-
onator results are summarized in Table II. Resonance FWHM
values ranging between 7 and 11 MHz were measured, corre-
sponding to loaded Q factors near 30 million.

The loss is consistent across all four devices and the coupling
is reproducible across the same coupler design. These resonators
were successfully used as stimulated Brillouin scattering lasers
detailed in [20]. The Q and loss of these devices are compara-
ble with those reported in the smaller mode volume resonators
reported in [12], which uses a wider waveguide, at the cost of
an additional TE mode, to reduce its loss a step further [15]
and enhance the Q; to 80 million. The waveguides reported in
this work were fabricated with a TEOS-PECVD upper cladding
in contrast to the bonded thermal oxide upper cladding used in
[15]. The preferred fabrication process of TEOS-PECVD upper
cladding represents the best loaded Q high mode volume res-
onator results to date for a non-bonded upper cladding design.

IV. CoUPLED RING COMPACT TUNABLE RESONATOR FILTER

In the previous section, we discussed a large area, high Q
resonator based on the 40 nm waveguide core shown in Fig. 1.
We next present a tunable resonator filter utilizing the 175 nm
waveguide core with a larger FSR and smaller footprint. In a first
order ring resonator filter, the extinction ratio of the drop port is
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Fig. 10.  (a) Third-order ring filter layout and (b) microscope image of fabri-
cated third-order ring filter.

15dB/m
48.2GHz
Q, of 1.6 million

(a)

Fig. 11. (a) Resonator characteristics and (b) thermally tunable waveguide
composition and geometry.

s
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tied to the width of the resonance peak as well as the insertion
loss. High extinction first order filters therefore also have small
passbands and higher insertion loss. Increasing the order of the
filter allows the passband to be shaped and considerably reduces
the insertion loss for a given extinction ratio. Here we report a
third order filter, pictured in Fig. 10, with an extinction ratio of
80 dB that is tunable over its entire 48.2 GHz FSR.

The input waveguide has a large offset from the bus coupler
to the filter to reduce uncoupled light from the lensed fiber from
reaching the resonators, improving the measurement floor. The
ring waveguides have a metal (Pt) heater layer on top of the
cladding to provide thermal tuning.

The resonator was designed to have a 50 GHz FSR, requir-
ing a waveguide with sufficient confinement to bend at a much
tighter radius than the high Q resonator. The resonator charac-
teristics are summarized in Fig. 11(a) using the 175 nm thick
waveguide shown in Fig. 11(b). This thickness enables bends
tighter than 600 pm for both the TE and TM mode. Initially this
waveguide geometry was made using a sputtered upper cladding
resulting in very high losses for the TE mode, and the filter was
designed to be used with the TM mode. However, the final de-
vices reported here used a PECVD upper cladding and the TE
losses decreased to values near the TM mode losses. A discus-
sion of the performance of a hypothetical filter designed for the
TE mode is included in the conclusion.

A. Coupler Design

The power coupling coefficients for the bus to ring and ring
to ring couplers, 7 and 3, have a significant impact on filter
performance. To improve the accuracy of the design we cal-
ibrated the relationship between waveguide gap and coupling
coefficient using fabricated test structures.
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Fig. 12.  Thermally tunable single order ring filter test structure. The pink
layer is the waveguide layer, while the blue layer is the metal layer.
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Fig. 13.  (a) The analytic fit to a first order ring filter and (b) the measured trend
across multiple radii and gaps for the TM mode at a wavelength of 1550 nm.

TABLE III
GAP VALUES WITH CORRESPONDING PREDICTED KAPPA VALUES
Coupler Gap (nm) Coupling (k)
Bus Coupler 1.15 0.13
Ring to Ring Coupler 2.40 0.06

A first-order ring filter test structure, shown in Fig. 12, was
used to calibrate the coupling coefficients to the waveguide gap.
The drop-port characteristics were measured with a wavelength
swept laser into a photodetector. The resulting filter shape was
then fit to the equation for the drop port characteristic of a first-
order ring in [29] using a least-squares fit, as shown in Fig. 13(a).
This yields the relationship between coupling gap and coupling
coefficient, shown in Fig. 13(b) for the TM mode.

The ratio between «; and ko was chosen for a target extinction
ratio (ER) of 80 dB and a flat passband following [29]. The
physical gap values used on the mask, and the corresponding
intended coupling coefficients from Fig. 13(b), for the third-
order rings are summarized in Table III.

B. Heater Layer and Upper Cladding Thickness

SizNy waveguides can be thermally tuned [30] using a re-
sistive metal layer on the upper cladding over the core. The
heaters are an absorptive metal layer deposited directly over
the waveguide requiring careful selection of the upper cladding
thickness to balance excess loss from the optical mode over-
lap with the heater and heater power tuning efficiency. Fig. 14
presents FIMMWAVE simulations of the estimated optical loss
as a function of the upper cladding thickness, with loss of the
metal layer decreasing exponentially with increased cladding
thickness. Modes with upper claddings thicker than 6.5 pum ex-
perience negligible loss from the metal layer.
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Fig. 14. Metal absorption loss as a function of upper cladding thickness for
the TM mode.
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Fig. 15. (a) OBR trace and (b) its resulting loss fit. The trace is for the TM
mode. The loss increase at shorter wavelengths is primarily caused by material
losses, and is expected to peak at 1520 nm [15].
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Fig. 16.  Schematic representation of measurement setup.

C. Third-Order Ring Filter Characterization

1) Waveguide Characterization: A spiral structure, 0.5 m in
length, was fabricated to measure the propagation loss using
an optical backscatter reflectometer (OBR) as described in [31].
Fig. 15(a) is a TM polarized OBR trace showing reflected power
as a function of propagation distance. Fitting a slope to the trace
in Fig. 15(a) yields the waveguide loss, shown in Fig. 15(b)
for both TE and TM polarizations. The two different modes
have nearly the same propagation loss, with a minimum loss of
9.2 dB/m and 10.5 dB/m at 1590 nm, and a loss of 15.1 dB/m
and 17.0 dB/m at a wavelength of 1550 nm.

2) Third-Order Ring Filter Measurement: A wavelength
swept laser source was used to measure the passband and to
monitor the rings while they were aligned and tuned. However,
this approach limits the measurement of the filter stop band to
the ER of the laser used. To measure a stopband ER greater than
70 dB, an Agilent 86140B optical spectrum analyzer with sen-
sitivity of —90 dBm used in combination with the tunable laser
and erbium-doped fiber amplifier (EDFA) as shown schemati-
cally in Fig. 16. Filter tuning and fiber coupling were achieved
using a probe setup and precision fiber aligners with the filter
maintained at 20 °C using a thermoelectric temperature con-
trollers (TEC) controlled stage.

Each ring within the filter is fabricated with an indepen-
dently controllable platinum heater. Due to small variations in
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Fig. 17. Optical frequency sweeps of third-order filters at a wavelength
of 1550 nm. The measurement is limited by photodetector dynamic range.
(a) shows a filter initially out of resonance, (b) shows the same filter tuned to
resonance.
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Fig. 18.  (a) Third-order filter function at 1550 nm, with an extinction ratio
of 80 dB and FSR 48.2 GHz. The analytical fit yields s fit = 0.125, k o fit =
0.005. (b) Third-order filter passband with a shape factor of 0.437 and no ripple.

individual rings within the filter, tuning is required to properly
align the resonances as shown in Fig. 17(a) and enables opti-
mization of both the stopband and the passband as shown in
Fig. 17(b).

Filter tuning is achieved through small heater changes as
the filter transmission is measured, a technique that has been
automated for up to fifth-order filters as reported in [32]. Using
this filter alignment technique device yields greater than 90%
across a single wafer were achieved.

The optical power transmission of the third-order ring filter
is shown in Fig. 18 by plotting the ratio of the input to output
filter power. The filter extinction ratio is measured to be 80 dB
as shown in Fig. 18(a). Fitting these values to the equation de-
scribing the drop port characteristics of a third-order ring in
[29] gives coupling values of k1 = 0.125 and x9 = 0.05, close
to the targeted values of 0.13 and 0.06 respectively. The filter
3 dB bandwidth and 20 dB bandwidth were measured to be
1.60 GHz and 3.12 GHz respectively. The filter insertion loss
was measured using a laser set to the passband of the filter and re-
ceived by a photodetector. The power measured at the facet was
—5.6 dBm, and the power at the detector was —11.7 dBm. Aver-
age coupling loss measured on straight waveguide test structures
was —2.4 dB. Removing the coupling loss from the power loss
in the filter gives an insertion loss of 1.3 dB.

The heaters were used to independently align the rings to
realize a third-order filter function. If the power dissipated in
the heaters is increased uniformly, such that the differences in
power between each heater from the alignment are maintained,
the filter can be tuned over its full FSR while maintaining the
filter shape. Tuning the rings in this manner results in an effi-
ciency of 0.461 GHz per mW of power per ring, equivalent to
0.105 W/FSR, shown in Fig. 19.
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Fig. 19. A third-order ring filter is tuned over its full FSR. Tune 1 represents
no thermal tuning, tune 2 represents 50 mW of thermal tuning, and tune 3
represents 110 mW of tuning.

3) Metal Layer Loss Characterization: The spiral test struc-
ture does not include a metal layer, and therefore the measure-
ment does not include any loss incurred by the metal layer. To
evaluate metal layer induced losses, we compare the losses of
two identical first-order rings, one with a metal tuning layer
deposited and the other without a metal tuning layer. Fitting the
two filter functions to the theoretical model in [29], we find the
additional loss of the metal layer to be 1.7 dB/m at 1550 nm.

V. CONCLUSION

We presented, for the first time, the design and characteri-
zation of large mode volume resonators with Q;s as high as
60 million with a unique TE mode. We demonstrated a high
yield, wafer-scale fabrication process utilizing a TEOS-PECVD
deposited upper cladding compatible with active integration
techniques. In contrast to lower loss bonded thermal oxide upper
cladding structures, this preferred fabrication process represents
the best loaded Q high mode volume resonator results to date.
In addition, we demonstrated a third-order filter with a record
80 dB extinction ratio and an insertion loss of 1.3 dB, fully
tunable over its FSR of 48.2 GHz.

Several techniques can be employed to further improve the
Q of the thin core, large area resonator. The 40 nm high Q
resonator, reported here, relies on reduction of waveguide losses
to reach higher Q s. Larger widths can substantially reduce the
propagation loss of the waveguide to reach higher Q values,
but risk introducing an additional TE mode. Preserving single
mode operation is essential for several applications, such as
rotational sensing [33]-[35]. To improve the waveguide loss, yet
preserve a single TE mode, the width of the resonator must be
chosen such that the second mode will experience very high bend
loss compared to the fundamental mode. Future work includes
changing widths to improve the waveguide loss, and therefore
the Q, while maintaining a unique TE mode.

The footprint and insertion loss of the 175 nm third-order
filter can be improved by utilizing the TE mode rather than
the TM mode. The filters demonstrated in this paper used the
TM mode of the high aspect ratio SizN, waveguides, due to
initially high TE mode loss. Improved fabrication techniques
have reduced the TE mode loss to that of the TM mode. As
future work, we will utilize the TE mode to increase the FSR
by nearly a factor of two, while reducing the round-trip loss
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and improving the insertion loss. In addition, the tunability of
demonstrated filters can be improved by utilizing alternative
tuning techniques as opposed to electrical heaters. This will
improve the tuning speed and power efficiency of the filter.
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