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Silicon nitride (Si3N4) photonic platform has recently attracted increasing attention for SizNy photonic integrated
circuits (PIC). A diffraction grating with the only etched top-layer in tri-layer Si3Ny optical waveguides is proposed,
which shows a simple fabrication process, high upward diffraction efficiency, and lower far-field divergence angle. The
measured results of the diffraction grating at a wavelength of 905 nm show the average upward diffraction efficiency of
90.5% and average far-field divergence angle of 0.154°, which shows a good agreement with the design results with the
upward diffraction efficiency of 91.6% and far-field divergence angle of 0.105°.
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1. Introduction

Silicon nitride photonic platform has recently attracted in-
creasing attention,'~*! which is transparent in both visible and

(451 and can be readily prepared by conven-

infrared spectra,
tional deposition technologies.*! Moreover, the moderate in-
dex contrast can reduce the scattering loss due to the sidewall
roughness, and allow a high fabrication tolerance.!”-8! How-
ever, Si3sN4 waveguide grating couplers have a lower coupling
efficiency due to a lower index contrast.!”-*19 Some methods
are proposed to improve the coupling efficiency. For example,
bottom reflectors such as a metal mirror!' 1?1 and distributed
Bragg reflector®%13] have been used to improve the coupling
efficiency, since a majority of the optical power is reflected
downward into the substrate. However, this increase the pro-
cess complexity or be incompatible with the subsequent high-
temperature processes. !4

Hence, an offset single or double layer Si3Ns waveguide
grating structure does not require a reflector and is theoreti-
cally proven to have an upward diffraction efficiency above
90% at a wavelength of 1550 nm.['>-1°1 However, this structure
still requires two steps of lithography and an accurate overlay
between masks, which is a complicated preparation process.
A multi-layer SizNy4 waveguide diffraction gratings with a up-
ward efficiency of above 90% is theoretically demonstrated
at a wavelength of 850 nm, which need only one lithography

step on the diffractive region due to no additional reflective

fCorresponding author. E-mail: liujingwei @ cspctech.com
fCorresponding author. E-mail: zshan@ime.ac.cn

CSTR: 32038.14.CPB.adbbbf

layer.['# Moreover, the multi-layer Si3N4 waveguide shows a
low propagation loss and high design flexibility.[!”]

In this paper, a top-layer etching diffraction grating in tri-
layer SizN4 waveguides is designed. A preparation process is
introduced to fabricate the waveguide diffraction grating cou-
pler. Four testing sample of the diffraction grating are fab-
ricated, which consists of a diffraction grating for light out-
put from waveguides, a coupling grating for light input into
waveguide, and a waveguide beam expander. The fabricated
top-layer etching diffraction grating in tri-layer SizN4 waveg-
uide is measured, the losses, upward diffraction efficiency, and
far-field divergence angle are evaluated for the top-layer etch-
ing diffraction grating. Some useful discussion about fabrica-
tion process is also provided to improve the top-layer etching

diffraction grating in tri-layer Si3sN4 waveguides.

2. Design of top-layer etching diffraction grating

The proposed waveguide diffraction grating on tri-layer
Si3N4 waveguide is shown in Fig. 1.['4] There are three Si3Ny
layers on the substrate of silicon. There are SiO, layers be-
tween three SizNy layers and on the substrate. The upper
cladding is also SiO; layer. The top SizNy layer is etched
as the diffracting layer. The other two SizNy layers and SiO,

layer works as a guiding waveguide and reflecting layer. The
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diffraction angle of the grating in air medium is determined by

Ao

A e))

sin@ = ng —

where A is the period, ng = (1 — dc)neich + deMuneich is the ef-
fective index of the waveguide grating, d. is the duty cycle,
Nunetch and neqep are the effective indices of the non-etched and
etched waveguides, respectively.

In order to enhance the upward efficiency at a specific
diffraction angle, the grating efficiency can be controlled by
tuning the etched layer thickness #3 and the duty cycle d..
The grating period A should be adjusted accordingly due to
the variation in the effective index [Eq. (1)].The core struc-
ture (the first SizsNy (f1), SiO; layers (g;), and the second
Si3Ny layer (7)) can be seen as a one-dimensional (1D) pho-
tonic crystal (1DPC) and will be optimized using the photonic
band-gap theory to minimize the reflection. An optimal de-
sign at 905 nm in Table 1 is developed using finite-difference
time-domain (FDTD) algorithm, which shows a diffraction ef-
ficiency of 91.6% and a far-field divergence angle of 0.103°.

Input

Fig. 1. The proposed diffraction grating with the only etched top-layer in
tri-layer SizNy optical waveguides: (a) three-dimensional (3D) view of the
grating structure and (b) cross-sectional view in the x—y plane.

A test chip is designed to evaluate the waveguide diffrac-
tion grating on tri-layer Si3zNy as shown in Fig. 2. The test-
ing sample of the diffraction grating consists of three parts,
which are a diffraction grating for light output from waveg-
uides, a coupling grating for light input into waveguide, and
a waveguide beam expander, respectively. Among them, two
types of grating have different etching depths. The flat diffrac-
tion grating only was etched in top-layer of tri-layer silicon ni-
tride waveguides. On the other side, the coupling grating was
etched in the full three layers of silicon nitride waveguides.
Between them, the waveguide beam expander was designed
for tuning and matching the widths of different grating waveg-
uides. And, the cross-sectional structure is shown in Figs. 2(b)
and 2(c).

The optical path principle shown is as follows: the light

beam from an external laser is incident on the coupling grat-

ing by the optical fiber, the coupling grating converts the oft-
chip beam into the TE(y transmission mode of the on-chip
waveguide, the TEgy mode in the waveguide is adiabatic grad-
ually transformed to the fundamental mode distribution of the
waveguide with the width of 100 pm through the beam ex-
pander, and then diffracted to the off-chip through the flat
diffraction grating. The total loss of the optical path of the test
structure includes the optical fiber coupling loss, the waveg-
uide transmission loss, the beam expander loss and the flat
diffraction grating diffraction loss. The input coupling grating
and waveguide beam expander has the coupling loss and the
waveguide transmission loss, so as to extract the diffraction

loss of the flat diffraction grating from the overall loss.

Outpu

/

it

Fig. 2. The test chip consists of a proposed output diffraction grating, an
input coupling grating, and a waveguide beam expander: (a) isometric
view, (b) y—z view, (c) y—x view.

3. Preparation process steps

The preparation process steps and chip structure of the
test chip are shown in Fig. 3, including the following four
steps:

(i) Substrate preparation: An optical chip is decomposed
from an 8-inch (1 inch=2.54 cm) substrate wafer. The sub-
strate wafer was made by its preparation process as follows:
the silicon wafer is thermally oxidized to grow a silicon oxide
lower cladding, and then the LPCVD method is used to de-
posit lower, middle, and then upper layer silicon nitride and
upper/lower layer silicon oxide.

(ii) Lithography and etching of tri-layer silicon nitride
fully etched waveguide: A uniformly positive photoresist is
applied to the substrate, and the area of the pattern to be etched
is exposed by an electron beam, with the critical size of no less
than 200 nm. After the photoresist is developed, the reactive
ion etching (RIE) method is used to alternately etch the silicon
nitride and silicon oxide layers, forming a fully etched strip
waveguide.

(iii) Lithography and etching of top-layer silicon nitride
shallow etched waveguide: Based on fully etched waveguide
chips, uniform positive photoresist is used, and lithography is
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used to expose the shallow etched pattern area. After develop-
ment, RIE method is also used to etch the upper layer silicon
nitride, forming a flat diffraction grating waveguides.

(iv) Finally, deposition of silicon oxide cladding: PECVD
method is used to deposit the silicon oxide cladding, with the

thickness of about several microns.

r—z view

r—y view
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Fig. 3. Preparation process steps and chip structure schematic diagram
of diffraction gratings testing structure.

4. Chip characterization

The structural parameters of measurement and design for
the tri-layer Si3sN4 waveguide diffraction grating are summa-
rized in Table 1. There is no measured data for the thickness
of the lower cladding and core layer, and the actual parameters
are determined by the preparation accuracy of the substrate.
Based on the empirical data provided by the manufacturer, the
thickness deviation of each layer is within £5%.

Table 1. The structural parameters of tri-layer Si3N4 waveguide diffraction
gratings at 905 nm.

Structures Units Design Measurement Difference
A pm 0.495 0.488 -0.007
de / 0.5 0.44 —-0.06

htop pum 1.40 1.399 -0.001
I8} pum 0.053 - -
J&) wm 0.132 - -
%) wm 0.114 - -
g1 pm 0.157 - -
151 pm 0.114 - -
Bbottom wm 3.300 - -

Before and after depositing the silicon oxide coating (pro-
cess step (iv)), the cross-sectional structure of the prepared
chip was observed and measured using a focused ion beam-
dual beam electron microscope, as shown in Fig. 4. Before
depositing the cladding (Fig. 4(a)), if the measured etching
depth of the process test pattern is 80.5 nm, the upper layer
of silicon oxide was etched exactly, stop at the bottom of the
etched top-layer, and the upper layer of silicon nitride is a lit-
tle over etched, matching the design requirements. The actual
measured width of the pattern with a design width of 294 nm is
179.4 nm, and the pattern deviation is —114.6 nm. Therefore,
the deviation between the actual tooth width of the diffrac-
tion grating with a tooth width compensation of +85 nm and

the design value is 229.6 nm; The measured grating period is
488.4 nm, with a deviation of —6.6 nm from the design value
of 495 nm, and duty cycle d, of the etching region is set as 0.5,
with a deviation of about —0.06, as shown in Table 1. After
depositing the cladding (Fig. 4(b)), an air gap structure can be
seen between adjacent grating teeth in the cladding.!'®!°1 The
red color in the figure represents the silicon nitride layer in a
single cycle of the grating test pattern.

Fig. 4. The SEM images of the chip process monitoring: (a) process
monitoring image without cladding, (b) process monitoring image with
oxide clads by PECVD.

5. Results and discussion
5.1. Measurement results of proposed diffraction gratings

The test sample is fabricated with a total of four flat
diffraction gratings in each set as shown in Fig. 5. One can
observe that the outgoing beam from the diffraction zone of
the diffraction grating clearly observed from the microscope.

Fig. 5. Observation photo of flat diffraction grating microscope.

Based on the truncation method, the insertion losses (/L)
of each group were tested, which is composed of reflection
loss (RL), coupling loss (CL), and diffraction loss (DL) as
shown in Table 2. The diffraction loss (DL) test values of four
sets of flat diffraction grating waveguide samples (Nos. 1-4)
are within the range of 0.23 dB to 0.59 dB, with an average
value of 0.44 dB. The difference between the overall loss of
the diffraction path and the coupling loss of the fiber, resulting
in a deviation in DL.

Table 2. The loss and upward diffraction efficiency of diffraction grat-
ings in tri-layer Si3N4 optical waveguides.

Unit 1# 2# 3# 4# AVE

IL dB 1246 1222 1228 1244 1235
RL dB 077 088 095 0.60 0.80
CL dB 1122 11.11 11.04 11.39 11.19

DL=IL—-RL—CL dB 047 023 059 045 044
n = 10-DL/10 /  0.897 0948 0.873 0902 0.905

The corresponding average upward diffraction efficiency
(m = 10-PL/19) i5 90.5%, which is in good agreement with
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the design value of 91.6%. It should be noted that the upward
diffraction efficiency of the grating sample No. 2 is higher than
the theoretical value, which may be mainly due to the testing
error introduced by the consistency of fiber coupling loss.

5.2. The far-field divergence angle of proposed diffraction

gratings

Four sets of diffraction gratings in tri-layer optical SizNy
waveguides were tested for their far-field intensity distribu-
tion as shown in Fig. 6. Among them, figure 6(a) shows
the grayscale image captured by an infrared camera, and fig-
ure 6(b) shows the average grayscale in the red box selection
area in Fig. 6(a). Distribution of directions and extraction is
based on the far-field divergence angle of 6. The full width
of 1/e? of the directional distribution is used as the far-field
divergence angle.

Chip HCS1-4-2-1 T1

~ 0 . "
\

g (b) e
: -5t 10x1g(1/e?) |
Z 0 1a4°
10 ﬁde_o.134 |
o [
E —15¢ ‘,J "'y

L L L ') ld L

—2 -1 0 1 2

Angle 0 (°)

Fig. 6. Far field diffraction intensity distribution of a diffraction grating:
(a) infrared cameras capture images, (b) the average grayscale edge of
red box selected area image.

The testing results of the far-field divergence angle for
four grating samples are summarized in Table 3. The average
value of directional measurement is 0.154°, which is larger
than the theoretical value of 0.103°.

Table 3. Far-field divergence angle of diffraction gratings for 4 samples.

Far field divergence angle  Unit 1# 2# 3# 4#  AVE

de degree 0.138 0.145 0.161 0.173 0.154

The deviation between the measured and theoretical val-
ues of far-field divergence angle is from the difference of fab-
ricated samples and designed configures for the diffraction
grating. In fact, there is an air gap in the adjacent grating
tooth cladding (as shown in Fig. 5(b)), which deviates from
an ideal design of grating waveguides. Therefore, parasitic
extraction and post-layout simulation was conducted on the

grating unit containing the air gap. However, the calculation
results showed that air gaps did not change the near-field ef-
fective length of the grating in percentage, which did not cause
changes in the far-field divergence angle either.

As the theoretical model, the diffraction angle of the grat-
ing is significantly correlated with the grating period. Near the
grating period of 495 nm, the rate of change of the diffraction
angle with the grating period is 0.217 °/nm. Therefore, the
diffraction structures of grating waveguides are really sensi-
tive to the process of lithography and development. In the case
of random fluctuations in the 0.2 nm grating period caused
by rounding errors or positioning deviations, it is possible to
widen the far-field divergence angle of the grating by 0.05°.
Therefore, in order to achieve a smaller far-field divergence
angle, the machining accuracy of the grating cycle needs to be
further improved, or the design value of the grating divergence
angle needs to be further reduced to leave machining deviation
redundancy.

6. Conclusion

An experimental diffraction grating with the only etched
top-layer in tri-layer Si3sN4 waveguides is demonstrated. The
design and preparation process steps are provided for the
diffraction grating. Four testing sample of the diffraction
grating are fabricated, which consists of a diffraction grat-
ing for light output from waveguides, a coupling grating for
light input into waveguide, and a waveguide beam expander.
The measurement results of the diffraction grating with only
etched top-layer in tri-layer Si3N4 waveguides at a wavelength
of 905 nm show the average upward diffraction efficiency of
90.5%, which shows a good agreement with the design value
of 91.6%, and average far-field divergence angle of 0.154°,
which is larger than the design value of 0.103°. The big differ-
ence of far-field divergence angle between the design and the
experiment is the random deviation of the grating period in the
preparation of grating diffraction structures. In order to obtain
a smaller far-field divergence angle, the preparation deviation
of the grating period must be controlled less than 0.2 nm.
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