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ABSTRACT

As one of the most important optical filtering devices, Bragg gratings have been extensively used in various systems. A long Bragg grating
is desired for many applications including frequency selection in semiconductor lasers and dispersion control for ultra-short pulses. As a
prominent example, integrated spiral Bragg grating waveguides (SBGWs) have drawn much attention in the years. However, until now, the
length of an integrated grating is still limited to a few milli-meters due to total waveguide loss. In this work, we propose and demonstrate a
novel long chirped SBGW with waveguide loss as low as 0.05 dB/cm on a silicon nitride (Si3Ny4) platform. A 13.8 cm SBGW is fabricated,
which is the longest on-chip waveguide grating reported so far. The SBGW’s reflection bandwidth is 9.2 nm from 1556.3 nm to 1565.5 nm, and
it provides a total of 1440 ps group delay, that is, —156.5 ps/nm of dispersion. The group delay response shows great linearity and temperature
stability. This integrated device holds great potential for various applications including in-line dispersion compensation, optical true delay
phase array, and microwave photonics.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0022963

A Bragg grating is one of the most important optical filtering
devices, which could be used in many photonic applications, such
as sensors,’ ~ communication, ™’ dispersion control,”” and photonic
signal processing.”” Recently, integrated waveguide Bragg gratings
on silicon have attracted much attention.'”'" Spiral Bragg grating
waveguides (SBGWs) offer several advantages over straight Bragg
gratings in fabrication uniformity and device footprint."”” A long
Bragg grating length is desired for many applications. For example,
when integrated gratings are used as frequency selective mirrors for
semiconductor lasers, long grating lengths are required to achieve
ultra-narrow bandwidths and large extinction ratios (ERs).’ 214 Simi-
larly, in order to control the dispersion of ultra-short pulse (~100 fs),
the group delay slope and the bandwidth of the chirped Bragg grat-
ing must be large enough, which also requires the grating length to
be as long as possible.'” However, until now, the length of integrated
gratings is still limited to few milli-meters, which is mainly due to
the waveguide loss. In order to decrease losses, chirped SBGW for

APL Photon. 5, 101302 (2020); doi: 10.1063/5.0022963
© Author(s) 2020

processing transverse magnetic (TM) modes in waveguides fabri-
cated on a silicon-on-insulator (SOI) platform has been demon-
strated.'” Spectral responses of the TM modes are smoother and
propagation losses are lower than TE modes in the same waveguides.
However, considering that most of the current applications of inte-
grated Bragg grating are based on TE modes, increasing the length
of SBGW in the TM mode is not the fundamental solution. There-
fore, the SBGW in our work is still designed for TE mode. In this
work, a novel chirped SBGW fabricated on a silicon nitride platform
is demonstrated. The waveguide dimension is specially designed so
that the loss of the grating waveguide can be reduced to 0.05 dB/cm
while the single TE mode transmission is maintained. The width and
height of the Si3N4 waveguide are 2.8 ym and 0.09 ym, respectively.
The SBGW structure is based on a spiral SisN4 waveguide with peri-
odic sidewall corrugation with a minimum radius of 800 ym. The
length of the SBGW reaches 13.8 cm, which is the longest on-chip
grating ever reported as far as we know. The filtering bandwidth is
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about 9.2 nm from 1556.3 nm to 1565.5 nm, and a total of 1440 ps
group delay is provided.

The total propagation loss of SBGW modes consists of several
parts, including material absorption, Rayleigh scattering, interface
scattering, substrate leakage, bending radiation, and crosstalk loss.
Substrate leakage can be rendered negligible through the deposition
of thick cladding layers. In addition, the crosstalk loss can be ignored
when there is enough space between the waveguides. At the same
time, the material absorption due to the N-H bond can be reduced
below the detection limit of common measurement techniques by
high temperature (1050 °C) annealing. Rayleigh scattering, account-
ing for a propagation loss on the order of 0.1 dB/km, is also negligible
compared to interface scattering and bend radiation loss in waveg-
uides. Thus, in order to reduce the loss of waveguide, it is necessary
to reduce the interface scattering loss and select appropriate bend-
ing radius. By designing the geometry of the single-mode waveguide
core layer, the loss can be reduced.'*"*

A three-dimensional volume current method is used to cal-
culate interfacial scattering loss."” For the simulation of waveguide
bending loss, we transform the bent waveguide into an equiva-
lent straight waveguide by the conformal mapping of the refractive
index.”””" The loss of silicon nitride waveguide with thickness of
90 nm under different widths and bending radii is calculated and
is shown in Fig. 1(b). With the increase in the bending radius, the
loss of waveguide decreases dramatically and finally converges to a
constant value. On the other hand, the larger the width of the waveg-
uide is, the lower the overall loss. However, to ensure single-mode
operation in 90 nm thick waveguides, the max waveguide width of
2.8 ym was used by design. When the bending radius of the waveg-
uide is larger than 780 ym, the bending loss can be ignored and the
loss of the waveguide can be regarded as the same as that of the
straight waveguide, which is 4.87 dB/m. The measured waveguide
loss is 5 dB/m.

Spiral Bragg gratings can wrap long Bragg gratings into com-
pact areas, which will result in higher device yield. Figure 2(a) shows
the schematic representation of the SBGW. The complete spiral con-
sists of 40 semicircle silicon nitride waveguides. In order to avoid
crosstalk between waveguides, the radius difference between two
adjacent semicircle waveguides is set to 15 ym. The minimum radius
ro of the semicircle silicon nitride waveguide is set to be 800 ym, and
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FIG. 1. (a) The coordinate system of the interface scattering loss model. (b) The
loss of silicon nitride waveguide with a thickness of 90 nm under different widths
and bending radii. The design of the SBGW is marked with a dot.
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FIG. 2. (a) The diagram of SBGW. (b) Photomicrograph of chirped SBGW.

the overall size of the SBGW @ is 2800 ym. In a SBGW, only the
reflection port of the spiral is used, so a terminator is placed at the
end of transmission port to dissipate light completely and reduce
reflection. Once the waveguide trace is determined, the normal vec-
tor needs to be added onto the center path of the waveguide to get
the refractive index perturbation as shown in Fig. 2. The normal vec-
tor refers to the structure with width w;."” In our design, w; is 3 um
and wy is 2.8 ym.

The characteristics of the SBGW are determined by the length
L, the chirp coefficient ¢, and the index perturbation Angy. For a
chirped Bragg grating, the period A will vary linearly along the
length of the device, which makes the reflection wavelength also
change according to the phase-match condition. However, for a
SBGW, in addition to the period, the change in the effective refrac-
tive index caused by the change in the waveguide bending radius
may also affect the reflection wavelength, which can be expressed as
following:

d\ _ dneg
dz = dz

where A is the period of the SBGW and n.f is the effective refractive

index of the waveguide. With the radius of the curved waveguides
changing from 800 ym to 1400 ym, the d;;ff is 3 x 10™°. The period of
the SBGW starts with 531.5 nm and, then, reduces along the length
to 528.1 nm. ngg is 1.467 in SBGW. Therefore, the reflection wave-
length is mainly determined by the second term in the right side of

formula (1), which is the chirp (the periodic change per unit length).

A
x 2 + 2negr X d—, (1)
dz
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Another important factor is the index perturbation of the
chirped SBGW, defined as

Aneg = (1 - ”eﬂ)/z» (2)

where n; is the effective refractive index of the normal vector. mn;
varies with w; as shown in Fig. 3(a). w; also causes additional loss
due to the abrupt change in the refractive index.” It can be seen from
Fig. 3(a) that the width of the normal vector has a great influence
on the loss of SBGW. To fully understand the influence of param-
eters on the reflection spectrum of the chirped SBGW in detail,
we introduced an accurate simulation approach using the transfer-
matrix method (TMM).”*** Figures 4(a)-4(c) show the simulation
results of SBGW using TMM when Aneg is 1 x 107°,5 x 1074, and
1 x 107, respectively. The grating length is set to be 13.8 cm, and
the chirp coefficient c is set to be 2.46 x 107%. The waveguide loss
is set to zero to show the effect of Aneg on the grating performance
clearly. If An.g is too large, there will be obvious ripples in the group
delay curve, which will greatly affect the performance of the device.
On the other hand, if An is too small, the ripples of group delay
curve will greatly reduce while the power of the reflection spectrum
will decrease at the same time, i.e., insufficient grating reflection due
to weak index pertubation.” Figure 3(b) shows the reflectivity and
average group delay ripples (GDRs) of SBGW with different w;. It
can be seen that the high reflectivity and low GDRs are trade-offs.
Therefore, considering the above factors, Ancg of our chirped SBGW
is set to be 5 x 107, and the corresponding w is 3 ym. The GDRs
are attributed to residual multiple reflections at the grating ends and
can be significantly suppressed by a suitable apodization along its
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FIG. 3. (a) Values of ny and the loss of SBGW under different w4. The dashed line
represents the w4 we used, which is 3 um. (b) Change in reflectivity and average
GDR of SBGW with and without apodization under different w4.
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FIG. 4. (a) Simulated reflection spectrum and group delay of chirped SBGW at
Angt = 1 x 1075, (b) Simulated reflection spectrum and group delay of chirped
SBGW at Anes = 5 x 1074, (c) Simulated reflection spectrum and group delay of
chirped SBGW at Angg = 1 x 10=2. (d) Simulated reflection spectrum and group
delay of apodized SBGW.

26

length.”*” To illustrate this intuitively, Fig. 4(d) shows the simu-
lation result of an apodized SBGW. The apodization function is a
hyperbolic tangent function and its expression is

Angg(z) = tanh(%AZ) x 5x107*/tanh(A), (3)

where L = 13.8 cm is the length of SBGW and A = 3 is the modulation
coefficient. The average GDR of apodized SBGW is only +3.028 ps.
The average GDR is defined as the average of the deviations between
the group delay values at all wavelengths in the bandwidth and the
ideal group delay curve. Figure 3(b) also shows the average GDR of
the apodized grating at different w1, which is greatly reduced.

Here, we use 248 nm deep-UV for optical lithography to create
chirped SBGW structures. Compared to e-beam lithography (EBL),
deep-UYV lithography ensures the stability and uniformity for large-
scale area processing.”’’ The fabrication starts with a 100-mm
diameter Si wafer with 8 ym thick thermal oxide. The oxide is grown
in batches, and to maintain compatibility with a variety of waveguide
thicknesses and waveguide confinements, the oxide is overly thick.
The stoichiometric silicon nitride film of 90 nm thickness is grown
by low pressure chemical vapor deposition (LPCVD). Although the

5,101302-3
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FIG. 5. Schematic illustration of the testing setup for the chirped SBGW.

internal stress of these layers is very high, the growth technology is
deposited on both sides of the wafer to maintain the flatness of the
wafer and achieve high-resolution lithography. SisN4 SBGW is pat-
terned followed by inductively coupled plasma (ICP) etching. The
cladding consists of 2 ym silicon dioxide, which is deposited by
plasma-enhanced chemical vapor deposition (PECVD) at 300 °C.
The wafer is annealed at 1050 °C for 8 h and then diced for facet
edge-coupled testing. Figure 2(b) shows the local microscopy picture
of the chirped SBGW.

A Luna optical vector analyzer (OVA) and an optical circula-
tor are used to test the chirped SBGW. The wavelength resolution
of the OVA is 1.25 pm. Figure 5 shows the testing setup for chirped
SBGW. The optical circulator is used to separate the incident light of
the OVA from the light reflected by the chirped SBGW. Figure 6(a)
shows the measured results of the chirped SBGW, and Fig. 6(b)
shows the simulation results of the SBGW.

It can be seen that the spectral bandwidth of the chirped SBGW
is 9.2 nm and the central wavelength is close to 1561 nm. The group
delay measured by OVA is about 1440 ps. The measurement results

of the actual chirped SBGW matches the simulation result very well
in terms of bandwidth and total group delay, despite the reflection
band wavelength of simulation and experiment is slightly different.
This can be explained by the difference between experimental index
data and designed value for upper SiO; cladding. The central wave-
length of the reflection spectrum was designed to be 1555 nm. How-
ever, the experimental spectrum is red shifted by around 6 nm; this
is mainly because in the actual processing, the index of the cladding
layer upon the core layer will always be different from the expected
value due to stress and other reasons. The refractive index of the
actual cladding layer is about 1 x 1072, different from that in simu-
lation. This difference leads to the shift of the reflection wavelength
of the SBGW.

The shape of the reflection spectrum obtained from the exper-
imental results is not horizontal, but inclined. The power differ-
ence between the minimum wavelength and the maximum wave-
length in the bandwidth is nearly 2.7 dB, which is rare in previous
studies. The grating length reaches 13.8 cm, which corresponds to
27.6 cm optical path difference across the entire band. As we men-
tioned above in Fig. 3(a), the estimated loss of the SBGW is about
9.54 dB/m. A 13.8 cm long SBGW will lead to aloss of about 2.63 dB,
which results in an inclined reflection spectrum. From Fig. 6(a),
it can be seen that the linearity of the group delay curve is good.
The measured average GDR is only +27 ps, which is close to the
simulation result (+20 ps). The variation in GDR with wavelength
obtained from experiment and simulations (with apodization and
without apodization) is shown in Fig. 7. When we look into the
zoom scale, experiment and simulation results show that there are
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same 18 periods in the range of 0.2 nm, despite of the difference in
amplitude.

The temperature stability of chirped SBGW is an impor-
tant characteristic to evaluate its robustness.”**” In experiment, we
changed the stage temperature of SBGW from 25°C to 85°C to
observe the change of the reflection spectrum. Figure 6(c) shows
the reflection spectrum of chirped SBGW at two different temper-
atures. The thermo-optic coefficient of silicon nitride material is
about 2.5 x 107°/K. When the temperature changes from 25°C
to 85°C, the refractive index of the silicon nitride material will
increase from 1.987 to 1.9885, and the refractive index of sili-
con dioxide will increase from 1.444 to 1.4443. As a result, the
neg of the waveguide is changed to 1.4686, while that of our pre-
set grating is 1.4678 at 25°C. In this case, the spectrum will shift
0.85 nm. We can see from Fig. 6(c) that the frequency spectrum
measured in the experiment has shifted 0.8 nm with slight dif-
ference. This shows the high temperature stability of the chirped
grating.

Table I shows a comparison of the chirped SBGWs reported
in the recent years, on properties including the waveguide core
material, grating length, bandwidth, and group delay. The temper-
ature coefficients of wavelength are inferred from the data in the

TABLE I. Comparison of chirped SBGWs.

references. It can be seen that our SBGW has the longest length,
largest group delay, and the best temperature stability.

In conclusion, a chirped SBGW on the silicon nitride platform
with a length of 13.8 cm has been fabricated and characterized. It
has waveguide loss as low as 0.05 dB/cm and achieves a 9.2 nm wide
reflection bandwidth from 1556.3 nm to 1565.5 nm with a total of
1440 ps group delay and —156.5 ps/nm of dispersion. Under the
appropriate chirp coefficient and index perturbation conditions, the
chirped SBGW shows excellent performance. The group delay curve
of the grating shows good linearity, and the temperature stability
of the grating is excellent. This SBGW is promising in many fields,
including microwave photonics, optical imaging, on-chip dispersion
engineering, and management.
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