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A novel high-efficiency focusing non-uniform grating coupler is proposed to couple light into or off silicon photonic
chips for large-scale silicon photonic integration. This kind of grating coupler decreases the transition length of the linking
taper between the grating and the single-mode waveguide by at least 80%. The radian of the grating lines and the size of
the taper are optimized to improve the coupling efficiency. An experimental coupling efficiency of ~ 68% at 1556.24 nm
is obtained after optimization and the whole size of the grating is 12 um x 30 pum, with a very short taper transition of

~15 pum long.
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1. Introduction

As the gateways to communicate with external devices,
grating couplers have attracted a lot of attention due to their
advantages of on-chip optical integration, such as no need
of chip preprocessing, near vertical propagation, and mini-
mal space limitation. The coupling efficiency is an important
criterion for evaluating the grating couplers. In order to im-
prove the coupling efficiency, high-directionality grating cou-
plers and high mode-matching grating couplers were inves-
tigated. High directionality grating couplers include grating
couplers with a bottom mirror,!!? grating couplers with an
overlay,*! and grating couplers with a large filling factor."!
The mode matching grating couplers include non-uniform
structure 1% and double-etched apodized structure!'!! cou-
plers, etc. Among these, the non-uniform grating couplers are
considered most likely to achieve the highest coupling effi-
ciency in the future. In recent years, non-uniform grating cou-
plers have been developed rapidly because of the improving
technology.

At the same time, large-scale integration requires minia-
turized devices, including grating couplers. A grating coupler
is composed of two parts: the grating structure and the mode-
transition structure. The grating structure is about 10 pm to
20 pm long. For a linear grating coupler, the grating struc-
ture is adiabatically linked to a single-mode waveguide by a
long taper, the length of which is about 150 um. The length
of the taper is determined by the adiabatic transition between
the grating and the single-mode waveguide. Focusing grating
couplers use the curving line’s focusing character to obviate
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the need for a long adiabatic transition. The decreased taper
length results in a higher degree of integration.

In this paper, we propose a focusing non-uniform grat-
ing coupler with an optimized short taper, which has a small
footprint on silicon-on-insulator (SOI) substrates and a high
coupling efficiency.

2. Design and simulation

In order to achieve a high coupling efficiency, every grat-
ing unit needs to be designed by setting parameters such as
etched depth, period, and filling factor. Under existing pro-
cess conditions, it is quite difficult to realize grating couplers
with variable etch depth. Non-uniform grating couplers with
variable period and filling factor are easier to make. So, in our
simulation, non-uniform grating couplers with variable period
and filling factor were introduced and the etched depth was set
to a default value.

For grating couplers, an efficient coupling is expected be-
tween an almost vertically positioned single-mode fiber and a
horizontal single-mode waveguide. For focusing grating cou-
plers, the wave front is curved cylindrically and focusing oc-
curs in the common focus of the curved grating lines. When
the top surface of the waveguide is chosen to be the yz plane
of a right handed Cartesian coordinate system, with z along
the waveguide axis and the origin at the desired focal point,
the grating lines must follow the condition of constructive

interference!!?!

qgho = nerV/y?> + 22 —zmcos 8., g=1,2,..., (1)
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where ¢ is an integer for each grating line, 0. is the angle be-
tween the fiber and the chip surface, n; is the refractive index
of the environment, A is the vacuum wavelength, and g is
the effective index felt by the cylindrical wave in the broad
waveguide with the grating. According to the constructive in-
terference, the grating lines can be expressed as

gAgn cos 6, 2
g— 0T P
n2; — nZcos? 6; y? _1L o
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2 20042
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This formula is valid with the assumption
e = ®

grating

taper
where ngg

is the effective index in the grating and ng; is
the effective index of the taper. In fact, for the grating couplers
designed according to formula (2), it is quite hard to fulfill the
assumption in formula (3). Especially for the deeply etched
gratings, there is a difference in the effective refractive index

AR = M. @
This difference will result in a deviation from the ideal condi-
tions for the grating designed according to formula (2). This
deviation will cause coupling loss. An appropriate taper is ex-
pected to reduce the deviation. At the same time, there is a
mode-mismatch loss between the focusing grating and the ta-
per. In order to reduce the loss caused by the deviation and the
mode mismatch, an appropriate taper should be designed and
optimized. Two main parameters of the taper were designed
and optimized. One was the length of the taper, which was de-
termined by the long axis of the first grating line, and the other
was the angle of the taper.

In designing a focusing grating coupler, a constant was
set as the default value for the period because of the variable
index caused by the variable period and filling factor. Accord-
ing to previous experience, the period was set to 600 nm and
the index was calculated from the Prague formula under the
condition of wavelength A = 1550 nm

Neft = e cOS O +mA JA. 5)

Then, the formula of the grating lines could be obtained as
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4
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The first line of the grating was set according to the for-
mula. The periods and the filling factors of the grating lines
were still consistent with the liner grating in the long and the
short axes.
A coupler with a short taper and a high coupling effi-
ciency was desired. In order to reduce the length of the taper,

the integer number ¢ should be as small as possible on con-
dition of efficient coupling. When light from the single-mode
waveguide was turned to a curved wavefront to couple with
the grating, the shape of the wavefront would be influenced by
the angle (@) and the length (L) of the taper.

(b)
Fig. 1. (color online) (a) Top view of normal grating coupler with a long
taper (50 pm); (b) revised grating coupler with curved lines (no taper);
and, (c) the novel non-uniform focusing grating in this work.
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Fig. 2. (color online) (a) Directionality of grating couplers with dif-
ferent taper lengths; (b) directionality of grating couplers with different
angles of the taper; and, (c) coupling efficiency of the grating coupler
with optimized length and angle in the novel design.
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As the integer number g decreased and the grating lines
curved, the angle of the taper should be large enough to en-
sure that all light diffracted from the fiber can be received by
the grating. When the length of the taper was decreased from
50 pm to 15 pm (g = 25), the directionality of the grating
coupler maintained a high value, and it began to fall when the
length continued to decrease. Then, the angle of the taper was
optimized under the condition ¢ = 25. When the angle was
45°, the best directionality was obtained. In the simulation,
the largest lateral width of the taper was set to 12 um, which
was wide enough to ensure the directionality and the coupling
efficiency. The designed grating coupler is shown in Fig. 1 and
the highest coupling efficiency 69% was obtained at a central
wavelength of 1559 nm, as shown in Fig. 2.

3. Manufacture and testing

The grating couplers were manufactured with electron
beam lithography (EBL) and inductively coupled plasma
(ICP) etch. The etch depths of the grating and the taper were
designed to be 195 nm. The experimental results are shown in
Fig. 3. The highest coupling efficiency was 65% at the wave-
length of 1585 nm. From measurement, it was found that the
central wavelength shifted from 1559 nm to 1585 nm com-
pared with the simulation results. The liner non-uniform grat-
ing coupler on the same chip also had the same shift. This
problem resulted from the hysteresis effect in the ICP etch: the
narrow slits in the grating were relatively shallow compared
to the designed value. For the grating couplers, the coupling
mainly occurred in the front half of the grating near the taper,
and the latter half was mainly used to reduce the transmission
loss. So in order to obtain the desired central wavelength, the
etch depth in the ICP etching process was increased to 220 nm.
The experimental results showed that the central wavelength
shifted to 1556.24 nm and the coupling efficiency was 68%,
as shown in Fig. 4, which means that the etch depths of the
narrow slits were a little higher than the designed 195 nm.
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Fig. 3. Experimental result of the grating coupler with etched depth
195 nm and high efficiency of 65% at 1588.06 nm.
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Fig. 4. Experimental result of the optimized focusing non-uniform grat-
ing coupler and high efficiency of 68% at 1556.24 nm with the fitting
curve under 220 nm etching.

4. Conclusion

In order to focus a laser beam into a small size waveg-
uide, and to increase the coupling efficiency between the sin-
gle mode fiber and the SOI single mode waveguide, a new kind
of grating coupler was designed and made. Our simulation and
experimental results can be summarized as follows.

(i) Our simulation of the devices showed that the intro-
duction of the focusing structure to the non-uniform grating
coupler could decrease the whole size of the grating coupler
efficiently. The experimental results showed that the device
can be as small as 30 pmx 12 pm.

(ii) Within the wavelength range of 1540-1575 nm, the
coupling efficiency between the optical fiber and the SOI
waveguide could be larger than 50%, and the highest coupling
efficiency was 68%, which appeared at 1556.24 nm.

(iii) By optimizing the structure’s parameters, including
the period number, distance, etching depth, and filling factor,
the highest coupling efficiency could be adjusted to appear in
a desired wavelength. The shift of the central wavelength in-
duced by the hysteresis effect was controlled through optimiz-
ing the ICP etch depth.

In conclusion, this kind of coupler can reduce device size
and provide a high coupling efficiency. Such devices will play
an important role in SOI optical integration circuits in the fu-
ture. Our experimental results show that a grating coupler with
a small footprint and a high coupling efficiency can be realized
in the established CMOS process.
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