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Abstract—A novel approach is developed for measuring small
losses in highly transparent Si3 N4 /SiO2 waveguides on a silicon
chip. The approach is particularly applicable to waveguides written
by high-resolution patterning techniques, such as e-beam lithog-
raphy, whose lengths cannot be easily increased beyond several
centimeters. This method is based on measuring the transmission
of an optical cavity formed by two highly reflective (R at least 0.999)
simple Bragg gratings and a uniform waveguide between the two
gratings whose length can be varied to increase the loss fitting ac-
curacy. A theoretical model based on an ABCD matrix method is
developed and used for the final loss value fitting. Experimentally,
a cavity with extinction ratio over –70 dB and quality factor Q
= 1.02×106 is realized. The fitting results show a waveguide loss
of 0.24 ± 0.01 dB/cm and a grating loss of 0.31 ± 0.01 dB/cm.
These results are obtained with relatively high index contrast (∆n
> 0.001) gratings with 0.1-pm wavelength scanning resolution.
It is expected that with better design and wavelength scanning
technique, this approach is applicable more generally to measure
waveguide loss coefficients as low as 0.001 dB/cm.

Index Terms—Optical planar waveguides, gratings, waveguide
filters, optical losses.

I. INTRODUCTION

LOW loss dielectric waveguides are critical for many ap-
plications in integrated photonics. Several groups have

demonstrated low propagation loss waveguides [1]–[10]. In fact,
losses as small as 0.1 dB/m and 0.9 dB/m have now been re-
ported in weakly and strongly confined waveguides, respectively
[3], [5], [11]. Ultra-low losses in long waveguides (> 1 m) have
been measured using a coherent optical frequency domain re-
flectometry technique [3], [5]. The waveguides with losses less
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than 0.1 dB/m were fabricated by wafer bonding a thermal ox-
ide layer as the upper cladding and resulted in a waveguide
with ultra-low confinement and reduced scattering losses at the
core-cladding interfaces [3]. Ring resonators with high quality
factor Q > 106 have also been fabricated in low loss waveg-
uides and often have been used to extract the loss coefficient in
these waveguides [4], [11]–[13]. Applications of ultra-low loss
waveguides are envisioned in optical gyroscopes [14]–[16], dis-
persion compensation [17], in packet-switched networks [18],
optical filters [19]–[22], optomechanical sensing [4], [11], [23],
[24] and in astrophotonics [25]–[30].

The major sources of loss in waveguides are material ab-
sorption, bending loss, and light scattering. An efficient and
reliable method to measure these losses is critical for the design
of many photonic integration applications. In the past decades,
the most used loss measurement techniques are based on ei-
ther length variation method (fabricating waveguides of differ-
ent lengths) or ring resonator method (deriving waveguide loss
from its relationship with cavity Q). In this work, we have devel-
oped a new approach for characterizing small losses in highly
transparent Si3N4 /SiO2 waveguides on silicon. It relies on mea-
suring the transmission of an on-chip Fabry-Perot (FP) cavity
formed by two Bragg gratings and a straight waveguide between
them. Indeed, additional scattering loss will be introduced by
these Bragg gratings. However, with a proper design, it does
not compromise loss measurement accuracy (see Section V-A).
Compared with the length variation method, this approach is
particularly applicable to waveguides written by EBL whose
lengths cannot be easily extended beyond several centimeters.
Compared with the ring resonator method, this approach uses a
FP cavity which is formed on a straight structure. Therefore it
does not involve bending loss, and can operate equally well for
optical modes with any confinement factor. Moreover, different
with other loss measurement methods based on FP cavity [31],
[33], we use highly reflective (R > 0.999) integrated gratings as
the cavity mirror and a more precise numerical fitting procedure,
which gives much higher loss measurement accuracy (around
0.01 dB/cm in our experiment).

The paper is organized as follows: Section II discusses wave-
guide design and fabrication. In Section III, the physics model
and theoretical fitting process are introduced. In Section IV, we
first measure waveguide propagation loss by analyzing several
Si3N4 /SiO2 waveguides of different lengths. After recognizing
the limitation of this approach, we characterize the waveguide
loss again using our new approach. In Section V, we demonstrate
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Fig. 1. (a) Waveguide cross section illustration (dimensions are not to scale).
(b) TE mode profile at 1550 nm. (c) TM mode profile at 1550 nm.

by simulation that millimeter-length structures are enough to
measure losses down to 0.01 dB/cm. A further factor of 10 im-
provement (0.001 dB/cm) is achievable with a centimeter-scale
length. We summarize our main results in Section VI.

II. WAVEGUIDE DESIGN AND FABRICATION

A. Waveguide Core Design

As shown in Fig. 1(a), our waveguide core is formed by 2 µm
× 100 nm low pressure chemical vapor deposition (LPCVD)
Si3N4 . This core dimension is chosen for getting a reasonably
confined mode with acceptable propagation loss. In general,
thinner and wider core sizes are preferred for achieving lower
loss waveguides [8]. However, those modes tend to have a small
confinement factor, especially in the vertical direction, which
makes them less attractive in applications requiring bends of
small radii of curvature. For example, in arrayed waveguide
gratings (AWGs), large bending radii of arrayed waveguides
will make the device footprint increase appreciably [27], [34].
Therefore, we choose 100 nm as a trade-off value for the
Si3N4 thickness. Additionally, 2 µm width is selected to ensure
operation in single mode at a wavelength of 1.4 µm and above.

B. Fabrication

In this paper, we use 10 µm thick thermal oxide to effectively
reduce substrate leakage to the silicon substrate. The waveguides
are patterned by 20kV Raith e-Line e-beam system with PMMA
resist. After development, we use a liftoff process to form a
reverse Chromium (Cr) mask. The mask is used for etching down
Si3N4 by Inductively Coupled Plasma (ICP) Etching. Lastly,
we remove the Cr and deposit 4 µm plasma-enhanced chemical
vapor deposition (PECVD) oxide layer as the upper cladding.

We use EBL to write the full structure, which can be 1-3 cm
long, the challenge of which can be classified into two cate-
gories. The first category is to reduce the sidewall roughness

caused by unstable writing conditions which introduces scatter-
ing loss. The second category is to minimize horizontal and ver-
tical offset (especially gaps) between e-beam write-fields (WFs)
caused by alignment limitations, which can bring stitching loss.

Much work has been done to obtain ultra-low losses by focus-
ing on reducing loss of the first category [11], [35]. However, for
long waveguide gratings involving several ten to hundred WFs
[25], the second issue can also be extremely critical. The reason
is that it brings not only additional loss, but it also leads to accu-
mulation of phase errors, which could lead to failure of the entire
grating. In our experiment, to handle this issue appropriately, we
first measure the stitching error in SEM and then use a proper
WF zoom factor to minimize any possible gaps between the
WFs. Moreover, we use Raith e-Line’s Height Sensing function
to dynamically control the beam focus point when moving from
one WF to another during exposure. With the above two meth-
ods, we can achieve a decent loss level around 0.31 dB/cm for
the grating and 0.24 dB/cm for the uniform waveguide, which
will be discussed thoroughly in Section IV.

III. BRAGG GRATING MODELING AND DESIGN

On-chip gratings are important for various photonic applica-
tions, such as sensing, filters and lasers. Among different types
of gratings, Bragg gratings is one of the most promising candi-
dates to be generally employed in photonic integrated circuits
(PICs), mostly for its simplicity and compatibility with uniform
waveguides. On the other hand, when it comes to the ultra-low
loss regime, their extra scattering loss poses a challenge for re-
searchers to make them competitive with their ring resonator
counterparts.

In this work, we aim at using Bragg gratings to implement
high reflectivity, low loss cavities: phase-shifted Bragg gratings
(PSBG) and Bragg grating Fabry-Perot cavities (BGFP). Fur-
thermore, we demonstrate how to use them as a characterization
tool for low loss waveguides. In this section, we will first focus
on their modeling and design.

Our theoretical model is based on the ABCD matrix method
which is convenient to use for studying the transmission of op-
tical waves in periodic structures. We will briefly discuss it, and
a detailed theory can be found in [36]. What we consider here
are two Bragg gratings with a physical cavity length L0 in the
center, as illustrated in Fig. 2(a). In the design, the grating on
each side consists of N pairs of alternating width (w1 and w2)
waveguide segment with period Λ = λc/ 2neff. λc is the stop-
band center wavelength. Starting from basic electromagnetic
equations, we can derive a matrix equation relating the field
amplitude at two neighboring grating periods,

[
an−1

bn−1

]
=

[
A B

C D

]
×

[
an

bn

]

Here an and bn are the electric field amplitude in the nth
grating period for a right-traveling and a left-traveling plane
wave. Note that the ABCD coefficients are determined by the
electrical boundary conditions. For the uniform cavity part,
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Fig. 2. (a) Illustration of the Bragg grating design. For PSBG, cavity length
L0 = Λ ∼ 550 nm. For BGFP, we made the cavity length L0 = 1 mm, 3 mm
and 6 mm. (b) Tilted view of the 2 µm ×100 nm straight waveguide. (c) Top
view of the λ/4 PSBG; the π phase shifted part can be recognized in the figure
center.

A = eik1 z L0 /2 , B = C = 0, D = e−ik1 z L0 /2 . Here k1z is the
propagation constant in width w1 waveguide segment.

The coupling coefficient κ is an important concept in coupled
mode theory, which is quite useful for grating design [37]. For
a 1-d grating discussed here, if we denote the larger index as n1
and smaller index as n2 , κ can be roughly estimated as κ = π/λ

(n1 − n2), and the stopband width is [34]

∆λ ∼ λ2 |κ|
πnef f

(1)

For the transmission calculation, we still need to know the
effective indices for waveguide width w1 and w2 through-
out the studied spectral range, which are obtained using the
FIMMWAVE full-vectorial mode solver. Note that in the final
fitting of the transmission curve, we still need to slightly adjust
the index profile to account for the rounded edges of the grating
structure [see Fig. 2(c)].

A. π Phase Shifted Bragg Grating

First we design a π (i.e., λ/4) PSBG (L0 = Λ) to get a narrow
peak at the stopband center. The peak’s linewidth and intensity
are very sensitive to propagation loss, so we can use it to measure
the grating loss αg. To get high enough measurement resolution
for state-of-the-art low loss waveguides, we want to design a
PSBG with as narrow linewidth as possible, which requires
a large κLg for high reflection, where Lg = NΛ is the grat-
ing length. After careful theoretical and empirical studies, we
choose w1 = 2 µm, w2 = 2.15 µm, corresponding to a moder-
ate κ ∼ 10 cm−1 , which is a compromise for low scattering loss
and decent grating coupling efficiency. As R∼ tanh2(κLg ), in
the layout design, we choose Lg to be around 3.5 mm to make
κLg large enough to get single side mirror reflection R > 0.999.

B. Bragg Grating Fabry-Perot cavity

The Q of PSBG is dominated by grating loss αg. In order to
measure uniform waveguide loss, we keep the same reflecting
gratings and make L0 much larger to form a Fabry-Perot cavity.
Since the cavity loss is always smaller than the grating loss,
photons will stay inside for longer time before leaking out. As

Fig. 3. Illustration of the bending waveguide design for measuring linear
propagation loss. We made five waveguides on the chip with length difference
of 0, 7, 14, 21, and 28 mm. The corresponding loss results are shown in Fig. 4.

a result, BGFP can have higher Q (Q ∼ ωτ , τ is the photon
lifetime) than PSBG. This is confirmed experimentally in the
next section.

C. Loss Terms in the Model

Transmission matrix terms, A, B, C, D depends on 3 vari-
ables, k1z , k2z (propagation constant in width w2 waveguide
segment), and the grating period Λ. To take the loss terms into
consideration, we only need to add an imaginary part to k1z and
k2z . For example,

k1z = n1 ×
2π

λ
− inimg × 2π

λ
(2)

Note that α = 4πnimg/λ, and we have two loss terms, the
grating loss αg and the cavity loss αc (for PSBG, αc = αg).
By fitting our experimental and theoretical curve with different
lengths cavities, we can extract both αg and αc .

IV. EXPERIMENTAL RESULTS

To characterize the transmission spectrum, we use a setup
composed of a Keysight 81600B tunable laser and a Keysight
N7744A power meter. The tunable laser triggers the power meter
during the wavelength scanning for fast spectral measurement
with 0.1 pm resolution. Polarization maintaining fibers are used
for optical mode launch and collection. Fiber rotators are also
employed for the TE/TM control. The fiber input and output
coupling are accomplished by two Newport VP-25XL XYZR
motorized stages with 10 nm minimum incremental motion.

A. Uniform Waveguide

We first measure the waveguide loss with uniform waveguides
of different lengths. Two broadband sources centered at 1310
and 1550 nm are deployed to characterize the loss from 1200
to 1630 nm. The layout design is shown in Fig. 3, the length
difference among them is 0, 7, 14, 21, and 28 mm. The extracted
loss results are shown in Fig. 4.

The lowest loss occurs at the longer wavelength of the spec-
trum in Fig. 4. Specifically, at 1630 nm, the TE loss is 0.16
± 0.18 dB/cm, and the TM loss is 0.32 ± 0.13 dB/cm. How-
ever, when we move to a shorter wavelength like 1558 nm, TE
loss is 0.68 ± 0.25 dB/cm, and TM loss is 0.79 ± 0.20 dB/cm.

Two strong absorption peaks can be observed around 1390 nm
and 1505 nm. Previous studies have noticed them in Si3N4 /SiO2



6101508 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 4, JULY/AUGUST 2018

Fig. 4. Linear propagation loss of Si3 N4 /SiO2 waveguide before annealing,
extracted from the sample in Fig. 3. The error bars are shown as the shaded area.

Fig. 5. TE propagation loss after annealing. The measurement is done with
the same sample in Fig. 4, after 2 hour annealing in 1150C.

platforms [38], [39], and they are generally attributed to O-H,
N-H, Si-H bonds in the two materials. These peaks can be largely
removed by annealing at high temperature, as shown in Fig. 5.
It can also be seen that the measurement error increased after
annealing. A possible reason is that the annealing process in-
troduced larger coupling efficiency fluctuation among different
waveguides. This is also a main disadvantage of this loss mea-
surement method, whose measurement error depends not only
on the waveguide fabrication stability, but also on the coupling
efficiency stability.

B. π Phase Shifted Bragg Grating

As we can see, the previous method shows a measurement
error of at least 0.1 dB/cm, which is undesirable for current low
loss waveguide. Now we used two PSBG to demonstrate the
loss fitting at two different wavelengths, 1558 and 1629 nm, and
compare with the loss obtain in IV. A.

The fitting process is as follows: first, we scale and shift the in-
dex profile to fit the stopband position and width; next we adjust
grating loss αg to find the best fitting curve, as shown in Fig. 6.
The fitting parameters are also shown in the caption. An impor-
tant criteria is that we must use the same wavelength dependent
effective index profile for the fitting curves. The 1558 nm PSBG
has a larger index contrast than the 1629 nm PSBG because the
shorter wavelength mode is more confined and more sensitive
with width variation.

From the theoretical fit, we get grating loss αg = 0.64 dB/cm
at 1558 nm and αg = 0.31 dB/cm at 1629 nm. Although we only

Fig. 6. PSBG grating experimental (black solid line) and theoretical fit-
ting (dashed lines) results. In (a) and (c), the wavelength range is 4 nm.
In (b) and (d), the wavelength range is 20 pm. Fitting parameters: (1558
nm) n1 = 1.47584, n2 = 1.47691; ∆n = 0.00107, κ = 10.81 cm−1 , stop-
band width ∆λ = 0.563 nm. (1629 nm) n1 = 1.47171, n2 = 1.47273; ∆n =
0.00102, κ = 9.85 cm−1 , ∆λ = 0.561 nm.

TABLE I
PSBG (CENTERED AT 1629 NM) FINE FITTING RESULTS FOR FIG. 6

a The center peak intensity is the maximum transmission the center peak can reach. The
center peak intensity will be exactly 0 dB if both the grating loss αg and cavity loss α c

are 0.
bThe linewidth measured in experiment is 2.2 pm.

plotted another two fitting curves with ± 0.1 dB/cm in Fig. 6,
the fitting accuracy can actually reach about ± 0.01 dB/cm with
0.1 pm wavelength resolution, as shown in Table I.

For the 1629 nm PSBG, the narrowest linewidth we can get
is 2.2 pm, corresponding to a Q ∼ 7.4 × 105 . The extinction
ratio (ER) of the 1558 nm grating is 50 dB, and that of the
1629 nm grating is 60 dB (limited to 50 dB in measurement by
the uncoupled fiber input light). It implies a single side mirror
reflection R ∼ 0.999 around 1629 nm.

C. Bragg Grating Fabry-Perot Cavity

We can extract the grating loss from the PSBG sample.
However, we still cannot tell the exact straight waveguide
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Fig. 7. Experimental and simulation curves for Bragg grating cavity with
length (a) 1 mm, (b) 3 mm and (c) 6 mm. For the blue simulation curve, we
use grating loss 0.41 dB/cm and cavity (straight waveguide) loss 0.24 dB/cm.
The wavelength range is 4 nm in all four panels. The y axes are set to be
the same. Fitting parameters: n1 = 1.47860, n2 = 1.47979; ∆n = 0.00119,
κ = 11.5 cm−1 , ∆λ = 0.649 nm.

loss. We fabricated three additional Bragg gratings with cen-
ter length 1 mm, 3 mm and 6 mm. Thus, the transmission
contains the information from both αg and αc. The fitting pro-
cess is similar to that of the PSBG, and the results are shown
in Fig. 7.

In this BGFP sample we kept the grating design parame-
ters the same as for the PSBG sample. However, ER can reach
−70 dB in experiment and −80 dB by fitting. A one-side mirror
reflectivity R ∼ 0.9999 is achieved. There are two reasons that
we get higher ER than in Fig. 6. First, we increase the offset
between the input and the output waveguides to reduce the back-
ground light intensity; secondly, we have higher index contrast
∆n due to a slightly thicker LPCVD Si3N4 layer, which can be
confirmed in the ∆n fitting parameters (0.00119 vs 0.00102).

In the enlarged plots of Fig. 8, it can be seen clearly that the
longer cavity leads to a narrower linewidth, consistent with our
expectations. The best Q we get is 1.02 × 106 ∼ δλ = 1.6 pm.
To our knowledge, this is the best Q obtained with on-chip Bragg
gratings. From Table II, we can see that the resolution is still
around ± 0.01 dB/cm.

We also studied the effective cavity length Leff [illustrated
in Fig. 2(a)] of BGFP. From Fig. 7, we measured the FSR
for each cavity. They are 0.481 nm, 0.234 nm and 0.129 nm,
which corresponds to Leff = 1.86 mm, 3.82 mm and 6.93 mm,
respectively. The difference between Leff and L0 is quite stable,
about 0.8-0.9 mm, which is favorable to design specific FSR
cavities.

Fig. 8. The enlarged figure for BGFP transmissions. Red, blue and green lines
denotes cavity loss αc = 0.14 dB/cm, 0.24 dB/cm and 0.34 dB/cm. Grating loss
αg is set as 0.4 dB/cm. (a) 1 mm cavity with linewidth 2.0 pm. (b) 3 mm cavity
with linewidth 1.8 pm. (c) 6 mm cavity with linewidth 1.6 pm. Note that the
legend in (a) also holds for (b) and (c). The x range are all 8 pm, y axes are set
to be the same.

TABLE II
BGFP (CENTERED AT 1625.8 NM) FINE FITTING RESULTS FOR FIG. 8

V. FURTHER DISCUSSIONS

A. Loss Reduction

As shown in Fig. 2(b), there exists some obvious roughness
along waveguide boundaries, which is our device’s dominant
loss source. The roughness comes from e-beam lithography and
lift-off process, but the latter probably plays a more important
role. In future work, we plan to use lift-off resist (LOR) or a
negative resist [11] to reduce the edge roughness and thereafter
the loss.

Another loss term in our measurement is the scattering loss
due to mode mismatch at the interface between the straight
waveguide and the grating. This loss will become more influ-
ential if higher width contrast grating is used. However, it can
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Fig. 9. BGFP simulation to demonstrate its potential for measuring very low
loss coefficients. We keep the grating loss αg = 0.1 dB/cm, and set the cavity
loss αc = 0, 0.001 and 0.01 dB/cm.

be virtually eliminated by reducing the sidewall modulation to
zero at these interfaces.

B. Lower Limit of Measurable Waveguide Loss

Considering the fact that people have already achieved losses
down to 0.001 dB/cm similar platforms [11], it is quite important
to assess our approach’s lower limit of measurable loss.

Since our αg can be 0.31 dB/cm, only 0.07 dB/cm higher than
the straight waveguide loss, it is reasonable to assume that our
current Bragg grating design introduces an extra scattering loss
< 0.1 dB/cm. Now we can simulate whether our approach is ap-
plicable for the current best waveguide loss level∼ 0.001 dB/cm
[3], [11].

In Fig. 9, we keep αg = 0.1 dB/cm, and set αc as 0, 0.001
and 0.01 dB/cm. If we look at the green curve, which stands
for 0.01 dB/cm loss level, it is obvious that our approach can
easily handle it even with cavity length 6 mm. For 0.001 dB/cm
loss, however, we may have to use longer cavities to increase the
sensitivity. In Table III, we exhibited some numerical values ex-
tracted from Fig. 9. For a 12 mm BGFP with αc = 0.001 dB/cm,
although the linewidth only changes by 0.006 pm compared with
αc = 0 dB/cm, the center peak intensity can drop more than
1 dB, which can easily be measured in the experiment without
much difficulty. This result implies that we can still characterize
the waveguide loss, even if it is much lower than the grating
loss. The reason is that we can always try to increase the num-
ber of grating periods to achieve high enough reflection so that
the cavity transmission becomes adequately sensitive within the
expected waveguide loss range.

TABLE III
12 MM BGFP MODELING RESULTS RELATED WITH FIG. 9

C. Lower κ Grating

Another direction to optimize our approach is to use a lower κ
grating for getting lower αg. Now our grating κ is about 10 cm−1.
If we decrease it and increase Lg to keep κLg a constant, we
will also see an improvement in the loss measurement limit.

The underlying physics is that for the center cavity, its peak
linewidth δλ depends only on the loss terms αg, αc, Leff and
grating reflection κLg. As long as κ drops and we extend Lg

to keep the mirror reflectivity the same, the cavity Q will be
increased. In experiment, a 1/10 factor decrease (κ = 1 cm−1)
is definitely achievable [20]. Further reduced grating κ might be
limited by fabrication stability and accuracy.

D. Loss Measurement Bandwidth

Since we use a simple Bragg grating as a reflective mirror,
there is only one stopband in the wavelength range of interest
and the bandwidth is also quite narrow. To measure losses at
different position, we have to use multiple waveguides or mul-
tiple cavities in a line. However, combined with the complex
grating technologies we developed for on-chip waveguides [25]
or fibers [30], the proposed approach is actually quite viable
to be used for loss measurement with over 100 nm wavelength
range. This is very attractive for ultra-fast, ultra-broadband loss
characterization.

VI. CONCLUSION

We have proposed an alternative method for measuring ultra-
low loss coefficients in a waveguide, which is both accurate
and efficient. We have also demonstrated on-chip Bragg grating
cavities with Q = 1.02 × 106 , which as far as we are concerned
is the highest experimentally observed Bragg grating cavity Q.
The straight waveguide loss measured with this new approach
is 0.24 ± 0.01 dB/cm. The loss measurement limit and accuracy
generally scales with the grating and waveguide loss, making
this approach promising to measure waveguide loss down to
0.001 dB/cm.
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