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On-Chip Slow-Light SiN Bragg Grating Waveguides

Alexander Chen
Stephen Anderson

Abstract—Si photonic foundry fabricated cascaded and continu-
ous spiral shaped silicon nitride (SiN) waveguides that incorporate
Bragg grating structures were explored to produce an on-chip
true-time delay line. A time-domain measurement method was used
to characterize the delay time of the grating waveguides near their
photonic band edge where it exhibits the strongest slow light effect.
The highest group index extracted from cascaded SiN grating
waveguides is 19.7 corresponding to a total delay time of 5.48 nsin a
full length of 12.49 cm that consumes a surface area of 2.66 mm?. A
continuous spiral SiN grating waveguide was also fabricated which
produces a delay time of 3.78 ns in a length of 5.47 cm with a surface
area consumption of 0.88 mm?.

Index Terms—Silicon nitride, Bragg gratings, slow light.

1. INTRODUCTION

PTICAL true time delay line is a critical component in

many optical systems such as optical signal buffers [1],
[2], optical frequency combs [3], photonic beamforming [4],
[5], and optical signal processing [6], [7]. Depending on the
application, the required delay time can range from picoseconds
to tens of nanoseconds. By adjusting the fiber length, a single
mode optical fiber (unit delay of approximately 4.9 ps/km [8])
is widely used to produce the appropriate delay time in optical
systems. In the last few years, several Si photonic foundries [9],
[10] were established and many efforts were made to transfer
assembled discrete optical systems to chip-scale optoelectronic
microsystems on a Si platform that offers much improved size,
weight and power (SWaP) efficiency.

It is a challenge to produce long delay lines on Si chips. Si
nanowire waveguides, with typical group indices of approxi-
mately 4.2 [11], give a unit time delay of 0.14 ns/cm. Other
devices have been studied to achieve large time delays.

Coupled Resonator Optical Waveguides (CROWSs) have been
explored for delay line applications. Ferrari et al. [12] reported
550 ps of delay using 50 coupled resonators on a central optical
waveguide. The drawback of CROWs is that any imperfections
within the CROW will negatively affect the effective delay
experienced by the optical pulse. In addition, the high Q factor
increases photon lifetime, thus decreasing the bandwidth.
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Fig. 1. (a) A schematic of the cascaded spiral grating (not to scale). All curved
portions are plain waveguides while all straight portions are grating waveguides
with an apodization profile applied. The number of grating segments range from
42 to 122 total grating segments. (b) A schematic of the top view of a Bragg
grating waveguide. The optical wave travels along the z-direction. The SiN film
thickness is measured in the y-direction. A dashed box outlines the unit cell of
the grating.

Utilizing traveling wave resonance along its propagation di-
rection is another approach to achieve increased on-chip delay
time. Defect engineered photonic crystal waveguides (PhW)
have reported high group indices (20-90) within a spectrum
range of approximately 4.5 nm [13]. Fabrication of these line
defect engineered PhW at the desired accuracy and repeatability
is a challenge in Si foundries. Under strong slow light, PhW also
exhibits drastically increased propagation loss due to enhanced
scattering loss [14].

Bragg gratings incorporated in a waveguide can be considered
as a one-dimensional periodic dielectric structure [15]. The
sidewall corrugations induce a moderate optical field slow-
light effect. Comparing to the circularly shaped, plasma etched
through-holes in PhW, the rectangularly shaped Bragg grating
is easier to fabricate and has a high tolerance to fabrication
offsets that can vary across the chip. For example, the corner of
the rectangular grating bar often appears to be rounded during
fabrication, resulting in quasi-sinusoidal shaped corrugations,
whereas the bandgap properties are only moderately affected by
these fabrication constraints, which does not hold for PhW.

Slow-light effect in Si grating waveguide and its applications
for true-time delay lines have already been studied [16], [17],
[18]. SiN/SiO4 waveguide on SOI substrate has demonstrated up
to several orders of propagation loss reduction [19], [20], [21],
[22], [23] and low loss SiN waveguides have been widely used
to produce on-chip optical delay lines [24], [25]. For example,
Moreira et al. [26] reported a SiN waveguide with a time delay of
12.35 ns and propagation loss of 1 dB/m. However, SiN gratings
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for delay lines have not been thoroughly characterized. Due
to stresses arising from the differences in thermal expansion
between the SiN film and the substrate leading to cracks and
rendering the film optically unusable [27], [28], [29], the SiN
film thickness is often limited to <400 nm resulting in a large
portion of the optical mode traveling in the cladding layer. In this
work, we utilize American Institute of Manufacturing Photonics
(AIM Photonics) foundry for SiN waveguide fabrication. The
SiN layer at AIM has a thickness of 220 nm which gives an
effective index of 1.6. The weaker optical field confinement
leads to a stronger slow light effect due to increased sidewall
corrugation interaction. This work intends to systematically
study SiN/SiO, grating perturbation strength in relation with
group index and propagation loss. The effects of a cascaded
delay line versus a continuous delay line will also be studied in
this work.

II. DEVICE STRUCTURES AND THEORETICAL ANALYSIS
A. Spiral SiN Grating Waveguides

A schematic of a Bragg grating waveguide is shown in Fig. 1
that labels the waveguide width W, grating side bar length L,
total grating waveguide width Wy, and period a. The duty
cycle is the ratio of corrugation width to the period a.

Spiral grating waveguides were designed to produce long
delay times on chip. As shown in Fig. 1, the inner bends of
all spiral waveguides have a bending radius R = 120 pm and the
center-to-center separation between two adjacent waveguides
is S = 20 um. The grating elements are held in the straight
portion of the spiral while the curved portion is a quarter circle
of plain waveguide. An outward super-Gaussian apodization
profile was applied to the grating structure to suppress side
band oscillation. The apodized grating also provides better mode
matching between the plain waveguide to slow-light waveguide
[30]. The modulation profile follows

f () =exp (;(L ;0'5>n) : )

where L is the length of the structure, n is the order of the
super-Gaussian profile, and « is the full maximum at half width
of the function. The choice of n and « affect the performance of
the device. Smaller n and « lead to a smoother index transition
from the plain waveguide to the grating waveguide segment;
group index is sacrificed in favor of an enhanced index matching
device and more efficient suppression of side band oscillations
[31]. In this work, n = 8 and o = 0.39 are chosen.

B. Device Fabrication

Seven cascade spiral grating samples (A to G) were fabricated
in a multi-project wafer (MPW) passive run while a continuous
grating spiral, Sample H, was patterned in the SiN layer of an
active MPW run next to Si active devices such as Si modulators
and photodetectors. To maintain a single mode operation, the
maximum waveguide width of the SiN waveguide is 1.5 ym
for TE polarization. We evaluated multiple waveguide widths,
850 nm, 950 nm, 1100 nm and 1250 nm, to have a transverse
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TABLE I
GRATING PARAMETERS

W (nm) | Wmax a L (cm) Surface Area
(nm) (nm) (mm?)

A | 950 1600 500 | 7.00 cm 1.54 mm?
B 1100 1600 495 | 4.05cm 0.91 mm?
C 1250 1600 495 1249 cm | 2.66 mm?
D | 850 2200 495 1249 cm | 2.66 mm?
E 950 2200 495 12.49 cm | 2.66 mm?
F 1100 2200 495 12.49 cm | 2.66 mm?
G | 1250 2200 495 | 3.04 cm 0.7 mm?

H | 950 1500 498 5.47 cm 0.88 mm?

mode diameter calculated at 1/e of the electric field magnitude of
1.25 pm, 1.27 pm, 1.34 pm, and 1.42 pm, respectively. Vertical
mode diameter is approximately 0.9 pm and varies slightly with
SiN width choice. The grating period a is 495 nm except Sample
A with a =500 nm and Sample H with @ = 498 nm. The variation
of period in a small range leads to a spectrum shift of the photonic
band edge of the same band, providing a method to tune the slow
light operating wavelengths at a designated spectrum location.
Sample parameters are summarized in Table I. All devices have
aduty cycle of 50%. In Table I, L is the total length of the grating
spiral waveguide.

C. Photonic Band Structure

Group velocity (v,) quantifies the energy packet of an optical
signal traveling in a medium that can be at a slower speed than
the wavefront phase velocity. Group index (ng) is defined as the
ratio of group velocity to the speed of light c:

=—. 2

g vy (2)

In a dispersive waveguide, the group index can be described
by [8]

Oneyy
EIE (3)

where n.g is the effective modal index of the waveguide and w
is the optical frequency. For the SiN waveguide with a width of
1 pm, neg is approximately 1.6 for TE polarization. The material
dispersion of SiN near c-band is small so the perturbation of the
grating accounts for the increased n,.

A Bragg grating waveguide can be analyzed by photonic
crystal waveguide theory. The photonic band diagrams in Fig. 2
were generated using a frequency-domain simulator that solves
for the eigenstates and eigenvalues of Maxwell’s equations for
the lowest 5 TE bands. The unit cell used in the simulation is
depicted in the dashed box of Fig. 1(b). In the wavelength range
of 1456 nm to 1547 nm, the Oth and 1st order photonic band gaps
are identified. All samples exhibit similar band diagrams, and
a representative band diagram of Sample D is plotted in Fig. 2.
The Oth order band has a wider band gap, suggesting a stronger
slow light effect than the 1st order band. Therefore, in this work,
we focus on slow light regime in the Oth order band edge.

Ng = Neff +w
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Fig. 2. Simulated photonic band diagram for Sample D. The blue line repre-
sents the light line in oxide, the red regions indicate the Oth and the 1st photonic
band gaps. The photonic band diagrams for other samples are very similar to
sample D.
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Fig. 3. The relative transmitted optical power for samples D, E, F and G. The

output optical powers of these 4 samples are plotted with 10 dB difference for
graph clarity. The slow light region that is used to produce the delay-line is
circled in the graph.

III. DEVICE CHARACTERIZATION AND RESULTS DISCUSSION

We first studied Bragg grating waveguide transmission char-
acteristics, then used a time domain method to measure the delay
time of all samples, and finally extracted their group indices.

A. Device Transmission

Plotted in Fig. 3, we first measured Samples D to G to study
how the waveguide width W impacts the transmission spectra.
All samples exhibit a photonic band gap in the c-band near
1550 nm as designed. The effective index n.g varies due to
different Bragg grating waveguide geometry, resulting in a shift
of the band gap location. The grating bar length L, follows
a super-Gaussian apodization function to suppress side band
oscillations [30]. The stop band width in the transmission spectra
suggests the relative slow light strength among samples and they
are listed in Table II. Sample D with the smallest waveguide
width W = 850 nm and the longest grating bar width Wy, =
2.2 pm has the strongest slow light effect among Samples D
to G.
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TABLE IT
GRATING DELAY TIME AND PROPAGATION LOSS
A (nm) ng Delay/ Slow Light Stop Band
at band Length Propagation Width (nm)
edge (ns/cm) Loss (dB/cm)
A 1550 9.8 0.33 2.29 18.2
B 1540 9.2 0.31 2.08 10.9
C 1543 8.7 0.29 1.78 7.66
D 1545 n/a n/a 3.82 37.5
E 1548 | 19.7 0.56 2.44 30.6
F 1552 | 12.2 0.41 2.24 23.9
G 1555 | 113 0.38 1.97 17.8
2 v
:.. .o
E-a .
A ~
1540 1545 1550 1555 1560 1565
Wavelength (nm)
Fig. 4. Propagation loss near the band edge of sample D and sample E. There

is a trade-off between slow light strength and loss.

B. Propagation Loss Characterization

An increased propagation loss is the trade-off to stronger
slow light effect for these traveling wave resonant structures.
An edge coupler, provided by AIM PDK, is used in both the
input and output ends of a cascaded spiral waveguide that has a
measured insertion loss of 2.9 dB/facet. The propagation loss of
the spiral grating waveguides is measured using different lengths
of waveguides and then calculating the best fit line. The facet-
to-chip coupling loss, the propagation loss in the grating and
plain waveguide segments, bending loss, and modal coupling
loss at the grating segment and plain waveguide interface all
contribute to the total insertion loss. With a bending radius of
120 pm, the SiN waveguide bending loss is negligible [32], [33],
confirmed by our simulated results. The simulated reflection due
to mode mismatch from plain waveguide to the apodized grating
is approximately 0.03 dB. The scattering loss due to enhanced
wave-matter interaction in the slow-light region is the dominant
waveguide propagation loss.

For all samples, the propagation loss increases near the band
edge due to increased slow light effect. Using Samples D and E
as an example, we plotted the device propagation loss varying
with wavelength, shown in Fig. 4. Sample E shows a baseline
propagation loss of 2.18 dB/cm outside the slow light region.
Sample D is expected to have the strongest slow light effect at the
price of increased propagation loss when compared to Samples
E to G. It shows a baseline propagation loss of 3.98 dB/cm,
too high to obtain meaningful delay time measurement for the
current spiral SiN design and was excluded from the delay
time test.
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Fig. 5. A schematic of the delay line test setup. Optical paths are in yellow,
and the electrical paths are in blue. A Keysight tunable laser (symbol LD) with
5 pm of wavelength tuning resolution was used. SL represents a splitter that has
a 90:10 splitting ratio and P represents a polarizer.
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C. Delay Time Characterization

The wavelength dependent time delay of the SiN spirals was
characterized by a true-time delay setup, as shown in Fig. 5. An
electrical pulse 270 ps in width was generated to drive a high-
speed optical intensity modulator (Optilab IM-1550-20-A). The
modulated signal passes through a 90:10 splitter to two paths,
namely the SiN waveguide path and the reference optical path.
A pre-amplifier with 25 dB gain is placed in the SiN waveguide
path to boost the signal level for measurement. The pulses from
both paths are displayed simultaneously on a sampling oscillo-
scope (Agilent 83484 A). The test setup was carefully calibrated
to take account of the jitter of various electrical components and
extra time delays caused by the fibers and connectors. The time
delay data of the SiN spiral was exported from the oscilloscope
and examined via cross-correlation method in post processing.

Delay time versus wavelength is characterized near the band
edge within a 10 nm range. As the optical test path has a
much higher loss than the reference path, the detected optical
signal from the SiN waveguide path is weak with distorted pulse
shape that lowers the accuracy in the pulse cross-correlation
calculation. The chirp caused by the grating structure can further
widen and distort the pulse shape. A two-termed exponential
curve is fitted to the data for analysis. Increased data density was
applied near the band edge. Within 100 pm from the stopband
edge, data was taken with a step size of 10 pm. Up to 1 nm,
3 nm and 10 nm from the band edge, data was taken in a step
of 100 pm, 500 pm and 1 nm, respectively. Group indices were
extracted from the measured time delay data near the photonic
band edge. As the grating geometry (W, Wy,.x, a) is different
among all the samples, the photonic band edge varies as well.
Fig. 6 plots the group index n, for all samples with an artificial
wavelength shift for easier comparison.

Samples E, F, and G have similar grating waveguide structures
but different center waveguide width. A stronger slow light effect
is anticipated in a smaller waveguide width. Sample E with W
= 950 nm exhibited the largest n, = 19.7 at A = 1540 nm near
the band edge, leading to an on-chip time delay of 8.2 ns in an
area of 2.66 mm?. To the best of our knowledge, it is the longest
on-chip time delay reported.

Besides the waveguide core width, the Bragg grating side bar
length L, also impacts the optical field perturbation strength.
A large L, may induce higher order modes in the Bragg wave-
guide. Sample A and E has L, length of 325 nm and 625 nm,
respectively, and their simulated transverse profiles are plotted
in Fig. 7. An extended transverse mode profile leads to stronger

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 6, DECEMBER 2022

25 T T T
* Sample A A-10 nm
* Sample B A+1 nm
20} 4 * Sample C A-1 nm
- ¢ Sample E A-5 nm
> * Sample F A-8 nm
- J Sample G A-10 nm
o 15f o J
= 3
a LS
S10f N 1
10} t s * §"‘
. A
' £ % & |
5+ ‘o . [’ AN E
; ., 2 S e
CPIII S fofifif s e SN .'_'_':::.;:;;.T
0 . L A A
1540 1542 1544 1546 1548 1550
Wavelength (nm)
Fig. 6. A comparison of the extracted group index for samples A, B, C, E, F,

and G. Artificial wavelength shift is applied on samples for the plot’s clarity. For
example, sample A’s band edge was measured at around 1550 nm but is shifted
to 1540 nm and marked as A — 10 nm in the legend.
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Fig. 7. Electric field profile of light traveling in the Bragg waveguide for
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field interaction with the grating corrugation. In the slow light
region, a standing wave is clearly noticeable compared to the
wave propagation outside the slow-light region. Sample E has
demonstrated much larger group index than that of Sample A.
Comparing Sample B with F, C with G, a similar slow light effect
difference is observed. Table II summarizes the highest group
index of each waveguide obtained at the wavelength listed in the
second column and their corresponding propagation loss.

In a standard Si foundry such as AIM Photonics, Si nanowire
waveguide is reported to have a propagation loss of 2.2—
2.5 dB/cmin the 1500-1550 nm range [19]. Using n, = 4.2 [34]
in Si waveguide spiral, we estimate a unit length delay time of
0.14 ns/cm. As acomparison, Samples E and F have a similar unit
length loss, <2.5 dB/cm, but can offer a much larger unit length
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Fig. 8. (a) Schematic of a continuous grating spiral with the apodized tail
ends. Bending radius R is 120 pm and separation distance S is 10 pum. (b) The
assumption used in the transfer matrix method to account for the apodization
profile.

time delay of 0.56 and 0.41 ns/cm, respectively. Sample C has
a group index approximately 2 times greater than Si waveguide
while displaying a loss of 1.78 dB/cm, lower than a typical Si
waveguide.

D. Cascade Bragg Grating Transmission

Samples A to G are cascaded gratings that consist of grat-
ing segments of decreasing length going into the spiral and
increasing length leaving the spiral connected by curved plain
waveguide segments of bending radius R = 120 pm, as seen in
Fig. 1(a). We anticipate a strong filter effect from these cascaded
grating spirals. We also characterized Sample H which is a
circular spiral with continuous grating perturbations throughout
the delay waveguide, shown in Fig. 8(a). As the core waveguide
has a curvature, the grating bar orientation varies and is situated
such that the grating bars are always normal to the tangent line
to the curve. The designed grating spiral parameters are W =
950 nm, Wyax= 1.5 pm, a = 498 nm, and length of 5.2 cm and
no apodization is applied to the grating bar width over the spiral.
A straight portion of SiN grating waveguide with a length of
249 pm and half of a super-Gaussian apodized profile is placed
atboth ends of the continuous spiral. Overall, there are 23 turns in
the grating spiral. The total length of the SiN grating waveguide
is 5.47 cm.

Both Samples A and H have demonstrated good suppression
of side-band oscillation experimentally, and Sample H, shown
in Fig. 9, has shown slightly less transmission ripples than
that of Sample A. The super-Gaussian function changes more
gradually in the continuous grating spiral than that of the grating
pieces of the cascade spiral, providing better impedance match
at the interface leading to less power ripples in the transmission
spectrum.

The total delay time measured per unit length for Sample A
and H are plotted in Fig. 10. The cascaded grating structure of
Sample A has exhibited a strong filter effect as the spectrum
pass band with strong slow light only spans approximately
0.5 nm. Sample H has a gradual delay time/unit length variation
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versus sample H. Instead of an optical in and optical out setup as shown in
Fig. 6, the optical out of the Si grating spiral and sample H is replaced with an
on-chip PD.

with wavelength across >10 nm range. We also utilized matrix
formulation method to model the transmission of Sample A and
H, and Sample A has a wider stop band suggesting potentially a
stronger slow-light effect. However, in practice it is difficult to
tune the laser wavelength to match exactly the strong slow light
wavelength of the cascaded grating, so experimentally, Sample
H has shown higher time delay/unit length. For on-chip true-time
delay line application, continuous spiral grating waveguides,
though more complex in layout generation, can produce stronger
slow light in a wider spectrum regime with relaxed wavelength
alignment requirement.

A Si spiral with continuous grating corrugation was also
fabricated on the same MPW run as Sample H. The Si grating
spiral has a center waveguide width of W = 400 nm, Wy,.x =
800 nm, a = 306 nm, L = 2 cm, a minimum bending radius R
= 35 pm, and a separation distance S = 9 pm. The delay time
testing results are also plotted in Fig. 10. In our measurement, the
highest delay/length for SiN and Si spiral grating waveguide are
0.7 ns/cm and 0.95 ns/cm, respectively, measured at the highest
group delay. A comparison in surface area and propagation loss
trade-off between the SiN and Si grating spirals are summarized
in Table Il where the delay time/area is calculated based on
generating 5 ns of time delay in both structures. As expected,
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TABLE III
SIN AND S1 GRATING SPIRAL WAVEGUIDE COMPARISON

Delay  per  Length | Delay per | Loss per Delay
(ns/cm) Area (ns/mm?) | (dB/ns)
SiN 0.7 5.7 5.43
Si 0.95 20.8 10.42

the Si grating spiral exhibits a larger unit length delay while
encountering higher propagation loss. A considerable propaga-
tion loss difference to produce a unit time delay is observed.

IV. CONCLUSION

Using a Si foundry processing line, SiN spiral grating waveg-
uides were fabricated with varying waveguide grating geometry
and their unit time delay and propagation loss are characterized
experimentally. The strongest slow light effect was observed in
cascaded grating spiral with parameters of W = 950 nm, W, .«
=22 pum, a = 495 nm, and L = 12.49 cm producing a unit
time delay of 0.56 ns/cm at the cost of high propagation loss of
2.44 dB/cm.

A grating spiral with continuously changing radius was also
designed and fabricated on SiN and Si layer using AIM foundry
service. Comparing the SiN multi-segment grating spiral with
the continuous spiral grating waveguide, the slow light effect
in the continuous grating spiral is evident in a wider spectrum,
approximately 10 nm, while a strong filter effect is observed on
the multi-segmented grating spiral. The SiN continuous grating
spiral demonstrates a unit time delay of 0.7 ns/cm, a total on-chip
delay of 3.83 ns and propagation loss merit of 5.43 dB/ns. The
Si grating spiral unit time delay and propagation loss are also
characterized experimentally, and a trade-off between surface
area consumption and loss per unit delay time are observed.
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