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Two-dimensional apodized grating couplers are proposed with grating grooves realized by a series of nano-
rectangles, with the feasibility of digital tailoring the equivalent refractive index of each groove in order to obtain
the Gaussian output diffractive mode in order to enhance the coupling efficiency to the optical fiber. According
to the requirement of leakage factor distribution for a Gaussian output profile, the corresponding effective re-
fractive index of the grating groove, duty cycle, and period are designed according to the equivalent medium
theory. The peak coupling efficiency of 93.1% at 1550 nm and 3 dB bandwidth of 82 nm are achieved.
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Grating couplers, which can input and output light be-
tween chips and optical fibers, are widely used in the field
of silicon photonic integrated circuits®?. Lithographically
defined diffraction gratings implemented in a silicon wave-
guide with no need of cleaving the samples make the wa-
fer-scale testing and large volume fabrication possible®Z.
The coupling efficiency 7 of a grating coupler is improved
by optimizing the grating structure in recent years, such
as by adding a gold bottom mirror to reflect back the
downwards light towards the optical fiber due to the poor
directionality of the grating couplers®. The mode mis-
match between the exponentially decreased diffraction
field and the Gaussian profile of the optical fiber limits
the further improvement of coupling efficiency for the uni-
form grating couplers, whose periods and duty cycles are
the same. The power confined in the uniform gratings de-
cays exponentially according to P = Py exp(—2az), where
P, is the input power in the waveguide, z is the light
propagation distance along the grating, and a is the leak-
age factor which determines the profile of the diffraction
light. In a uniform grating coupler, the diffractive light
power decreases exponentially with the light propagation
distance z because a is a constant in the uniform gratings.
However, the standard single-mode optical fiber mode is
Gaussian profile. The maximum coupling efficiency be-
tween a uniform grating coupler and optical fiber is lim-
ited to be only about 80% because of mode mismatch’J.
Apodized grating coupler can be used to adjust the leak-
age factor distribution and thus to improve the mode
matching. The apodization has been previously imple-
mented in 1D phase masks for apodized fiber Bragg
gratings fabrication™2¥,

Leakage factor a can be tailored by the refractive index
of the grating groove and the duty cycle. Tamir? found
for the negative first-order diffraction, leakage factor
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a « (nf — ng)?*sin®(zd/A), where n, and n, are the refrac-

tive index of the grating teeth and groove, respectively; d
is the width of the grating teeth; A is the period of the
grating; d/A is the duty cycle. Mathematically, the item
(n} —n?) can change from 0 to (n} —1), which corre-
sponds to the shallow etch to fully etch of the grooves.
Chen'™ obtained the Gaussian field profile by engineering
the duty cycle and then the leakage factor along the light
propagation direction. For the transverse electric (TE)
mode, the calculated maximum coupling efficiency was
84% at 1550 nm. Zaoui? obtained the Gaussian field pro-
file by engineering the duty cycle of the grating coupler
with a bottom mirror. The calculated maximum coupling
efficiency was 94.2% at 1550 nm with a 1 dB bandwidth of
43 nm for the TE mode. Based on the duty cycle engineer-
ing, the nonuniform etching depth of the grating grooves
was realized by the lag effect during the reactive ion etch-
ing process, which tailored the refractive index of grooves.
However, the processing is hard to be fully controlled.

Nanostructures have exhibited the feasibility of the
effective refractive index digital engineering recently,
which relaxes the refractive index limitation by the bulk
material. According to the equivalent medium theory, if
the period of the nanostructures is small enough to
suppress diffraction, the discontinuous nanostructures
can act as a homogeneous medium with an equivalent
refractive index determined by the duty cycle. The equiv-
alent refractive index n,, is given by Rytov’s formulas for
the TE mode™

Neq = [(1 - f)ngir +fn%]%’ (1)

where n,;, is the refractive index of the air, n, is the refrac-
tive index of dielectric material, and f is the duty cycle.

Fully etched photonic crystals were employed to engi-
neer the refractive index of each groove to fabricate an
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apodized grating coupler on the silicon-on-insulator (SOT)
platform. The calculated maximum coupling efficiency
was 66% at 1550 nm for the TE modeZ. By adding a
bonded aluminum mirror, the calculated maximum cou-
pling efficiency increased to 91% with a 3 dB bandwidth
of 76 nm. 2D fully etched nano-rectangles exhibited
the capability of tailoring the effective refractive index
of the waveguide from 3.22 to 2.16 with linear variation
to form subwavelength gratings (SWGs). The calculated
maximum coupling efficiency was 52.5% at 1550 nm
with a 3 dB bandwidth of 64 nm for the transverse
magnetic (TM) modeZ2. By tailoring the refractive index
of grooves of grating couplers with fully etched nano-
rectangles, SWG groove index was varied linearly from
2.80 to 2.20 along the first 10 grating periods, and followed
by 15 periods with SWG index of 2.20. The calculated
maximum coupling efficiency was 63.5% at 1550 nm with
a 3 dB bandwidth of 66 nm for the TE mode.

In this work, a series of nano-rectangles as grating
grooves of the grating couplers are proposed to digitally
tailoring the effective refractive index of each groove
according to the equivalent medium theory and then the
output profile of the diffractive light to bridge the gap be-
tween the grating coupler and optical fiber. The refractive
index distribution of the grooves decreases nonlinearly
from 3.40 to 2.35 along the first 20 grating periods, then
increases nonlinearly from 2.35 to 3.41 along the following
eight grating periods. The coupling efficiency of 93.1% at
1550 nm with 3 dB bandwidth of 82 nm is achieved.

Fig. 1 shows the cross section [Fig. 1(a)] and top view
[Fig. 1(b)] of the proposed apodized grating coupler, which
can be fabricated on SOI substrate with the 220 nm thick
top Si layer. Each groove is composed of a series of
nano-rectangles along the y-direction with the equivalent
refractive index of ne; for the ith period determined by
the lateral duty cycle f,; according to the equivalent
medium theory. Then the 2D nano-rectangles can be
regarded as a conventional 1D grating structure with al-
ternative refractive index of the n,; and n,, longitudinal
period A, ;, and duty cycle f,, as illustrated in Fig. 1(a).
Figure 1(c) shows the dependence of the effective refrac-
tive index ne,; on the duty cycle f, and corresponding
longitudinal period A,;. The effective refractive index
can be tailored in a relatively large range, as shown in
Fig. 1(c). Figure 1(d) shows the periodical dependence
of the grating directionality as a function of the buried
oxide (BOX) thickness. The thickness of the BOX can
cause constructive interference between the upward
directed diffraction and the reflection at the BOX and
the silicon substrate interface. We propose 2200 nm of
the thickness of BOX in this work according to Fig. 1(d).
In practice, SOI wafers have a standard BOX thickness.
The thickness difference can be overcome by modifying
the grating radiation angle. In order to increase the direc-
tionality of the grating couplers, the mirror is designed on
the back of the wafer. All the downward-diffracted light is
assumed to be reflected at the perfect gold mirror. For the
1550 nm wavelength, the refractive indices are ny; = 3.476
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Fig. 1. Schematic of an apodized grating coupler: (a) side view;
(b) top view. (c) Relationship of the equivalent refractive index
Neq,; and longitudinal grating period A, ; with the lateral duty
cycle f,;. (d) Grating directionality as a function of BOX
thickness.

for Si, ny = 1.444 for SiO,, and n,;. = 1 for air. The fiber is
tilted 10° with respect to the vertical direction to avoid a
large negative second-order Bragg reflection®.

The average refractive index ne,_,; of the ith period of
the grating can be expressed by2!

ncq_g,z' = (1 - fz)ncq,i + fznl' (2)

The duty cycle in the z direction f, is fixed to be 0.5 to
enhance the diffractive light™. Then each equivalent
period structure with average refractive index ng, ,;
can be regarded as a planar period waveguide layer sand-
wiched between the index matching gel and the bottom
Si0,Z. The effective refractive index neg,; of the ith
period waveguide in the grating region can be calculated
by using the fundamental TE mode dispersion relation of
multilayer planar waveguides2
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where 4 is the center wavelength of 1550 nm, H is the
thickness of the Si waveguide layer, and n; = 1.46 is
the refractive index of the index-matching gel. The grating
period in the beam propagating direction A,; is deter-
mined by the phase-matching condition®

A, = qi/[ng *sin(0) — neg ], (4)

where diffraction order ¢ = —1, and 8 = 10°. Each period
waveguide in the grating region with effective index
nei,; has its corresponding leakage factor according
In P—In Py [27]
to a = -2
However, to achieve a Gaussian-shaped output profile,
the leakage factor should follow'2

2a(z) = GQ(z)/[l . L ’ G2(t)dt}, (5)

where G(z) is the normalized Gaussian function. Figure 2
shows the calculation results of the Gaussian function and
corresponding leakage factor according to Eq. (5). The
leakage factor increases from 0 to 0.45 pm~! when the z
value reached to 14 pm, then decreases to 0 within the
length of 20 pm. The inset of Fig. 2 is the calculation result
of the relationship of a; with f, ;, which shows that a; in-
creases from 0.366 to 0.497 pm~! with fy,: from 0 to 0.568.
Then a; decreases rapidly to zero if further increasing the
duty cycle of the groove f, ;.

Combined with the calculation results of Fig. 1(c) and
Fig. 2, and assuming A, = 450 nm, that is, satisfying the
equivalent medium theory, the values of f, ;, ne,; and A ;
of each period are selected, as shown in Fig. 3. The distri-
bution of the nano-rectangles presents asymmetric. The
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Fig. 2. Calculation results of the Gaussian function and the
corresponding leakage factor distribution. Inset, relationship
of the leakage factor a; with the duty cycle of the groove f, ;.
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Fig. 3. Value distribution along the longitudinal grating period
number of duty cycle of the ith groove f, ;, equivalent refractive
index neq ; of the grating grooves, and longitudinal grating period
A, ; for apodized grating couplers.

largest nano-rectangle is in the middle of the grating with
the f, ; of 0.41 at the 20th longitudinal grating period. The
feature size is 22 nm which locates at the both sides of the
grating. The behavior of 7. ;, Meq g1, and neg ; are similar
with f, ; according to Eq. (1)—(3) and only the relationship
of ng,; with the grating period is presented for simplicity.

The Eigenmode expansion technique with the perfect
matched layer-absorbing boundary condition?? is utilized
to calculate the electric field distribution of the proposed
grating couplers. A Gaussian profile with a full width
(1/e) of 10.4 pm is used as a model for the optical fiber
mode. The Gaussian beam approximation is very accurate
for calculating the launching efficiency at the input of a
fiber?!. For the beam diameter, we use 10.4 pm at wave-
length 1550 nm, because this value is given in the data
sheet of the fibers (Corning SMF-28). This beam diameter
is in fact also wavelength-dependent, but we neglect this in
our calculations to simplify the calculations. In order to
eliminate the fiber’s facet reflection, a layer of index-
matching gel with a refractive index similar to that of
SiO, is assumed to fill up the space between the fiber
and the grating coupler,

Figure 4(a) shows the coupling efficiency of the pro-
posed apodized grating couplers with gold layer as the bot-
tom mirror in the wavelength range from 1500 to 1600 nm.
The simulated maximum coupling efficiency of apodized
grating couplers to the optical fiber is 93.1% at
1550 nm with 3 dB bandwidth of 82 nm. Compared with
the upward diffraction efficiency of 95.6% before coupling
to the optical fiber, the mode matching degree is 97.3%,
which demonstrates better Gaussian mode matching.
Figure 4(b) presents the calculation result of the electric
field distribution at the wavelength of 1550 nm when the
light propagates in the grating couplers. The equiphase
surface, illustrated by the alternative color as shown in
Fig. 4(b), shows the wave propagation performance.
The angle 0 of the upward-diffracted wave relative to
the vertical direction is measured to be 10°, which agrees
with our design. Different from the exponentially decaying
field profile diffracted from a uniform grating, the profile
of the electric field intensity of the upward-diffracted wave
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Fig. 4. (a) Coupling efficiency versus wavelength of the apodized
grating couplers in three feature sizes; (b) electric field intensity
distribution when the light propagates in the grating couplers
with gold bottom mirror at the wavelength of 1550 nm.

follows the Gaussian distribution, as illustrated by the
color depth in Fig. 4(b). The Gaussian profile of the dif-
fraction field is beneficial to the coupling efficiency im-
provement between the grating coupler and optical fiber.

In practice, the small feature size makes the difficulties
in nano-structure fabrication. To evaluate the effect of the
feature size, the calculated coupling efficiency of the apo-
dized grating couplers with the minimum size of 50 and
100 nm are also presented in Fig. 4(a). The maximum cou-
pling efficiency decreases to be 92.7 and 85.9% with 3 dB
bandwidth of 81 and 74 nm, respectively. The decrease of
the coupling efficiency is caused by the mode mismatch
due to the relatively large change of leakage factors.

In conclusion, a structure of 2D apodized grating cou-
pler is proposed which utilizes a series of nano-rectangles
as grating grooves of the grating couplers to digitally tai-
loring the effective refractive index of each groove, which
is beneficial to modulate the diffraction profile to a
Gaussian field profile of the upward-diffracted light. The
peak coupling efficiency of 93.1% at 1550 nm with 3 dB
bandwidth of 82 nm is achieved. The matching degree is
97.3% between the field profile of upward-diffracted light
and optical fiber mode, which improves the coupling effi-
ciency of the grating couplers by mode matching technique.

This work was supported by the National Natural Science
Foundation of China (Nos. 61222501 and 61335004) and
the Specialized Research Fund for the Doctoral Program
of Higher Education of China (No. 20111103110019).
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