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Apodized grating coupler using fully-etched nanostructures”
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A two-dimensional apodized grating coupler for interfacing between single-mode fiber and photonic circuit is demon-
strated in order to bridge the mode gap between the grating coupler and optical fiber. The grating grooves of the grating
couplers are realized by columns of fully etched nanostructures, which are utilized to digitally tailor the effective refractive
index of each groove in order to obtain the Gaussian-like output diffractive mode and then enhance the coupling efficiency.
Compared with that of the uniform grating coupler, the coupling efficiency of the apodized grating coupler is increased by
4.3% and 5.7%, respectively, for the nanoholes and nanorectangles as refractive index tunes layer.
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1. Introduction

Grating couplers, as one of the key elements enabling the
light to be directly coupled between the planar waveguide cir-
cuits and the optical fibers, are widely used in the field of sil-
icon photonic integrated circuits.l'=3] The coupling efficiency
is limited by the scattering efficiency, the directionality and
the mode matching degree between the exponential decline
field of the upward diffracted field and the fundamental mode
of the single-mode fiber (SMF).[*] The 100% scattering ef-
ficiency could be reached by designing a long enough grating
that fulfills the Bragg condition at the target wavelength. The
directionality can be avoided by using a metal mirror, or by op-
timizing the buried oxide (BOX) thickness through the inter-
ference effect inside the substrate layer.[%”! By now, the main
difficulty in further improving the coupling efficiency is the
mode mismatch between the exponentially declined diffrac-
tion field and the Gaussian field of the SMF.®! There is about
20% coupling efficiency loss caused by the mode mismatch.
It is a challenge to bridging such a mode mismatch to further
improve the coupling efficiency between the grating coupler
and optical fiber. Many approaches have been proposed to
increase the mode matching degree, such as the nonuniform
etching depth of the grooves, nonuniform duty cycles by tun-
ing the scattering efficiency of each groove.!®-191 However, the
process is relatively complicated.

Recently, nanostructures have exhibited the feasibility of
the effective refractive index tailoring according to the equiv-
alent medium theory, which relaxes the refractive index limi-
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tation by the current bulk material.[''l Engineering the effec-
tive refractive index distribution of the gratings could mod-
ify the grating strength and then the profile of the diffrac-
tion light. Detailed design method for digitally apodized grat-
ing couplers with Gaussian diffractive mode has been pub-
lished without considering any practical limitations./'?) With
the back mirror, the calculated coupling efficiency of 93.1%
at 1550 nm with 3-dB bandwidth of 82 nm can be achieved.
The matching degree has reached 97.3% between the field pro-
file of upward-diffracted light and optical fiber mode. How-
ever, the BOX thickness is 2.2 wm, which is unavailable com-
mercially. Based on the equivalent medium theory, the two-
section apodized subwavelength gratings were fabricated on a
silicon-on-insulator (SOI) substrate. The calculated and mea-
sured peak coupling efficiency were 60.3% and 50.4% at about
1550 nm for TE mode, respectively.['>!4 Photonic crystal
(PhC) structure was also employed to engineer the refractive
index of each groove to improve the coupling efficiency.!"”!
The selection of the effective refractive index is determined by
the hole size. The calculated and measured coupling efficiency
of 66% and 67% for the TE mode were realized.!'®! By bond-
ing an aluminum mirror to employ the back reflection light,
the coupling efficiency increased to about 87.5%.!!7!
However, in practice, the width of the Gaussian mode is
about 20 um when the field intensity decreases to almost 0
according to the fitting of the Gaussian mode in the standard
SMF with a full width (1/e) of 10.4 um, which determines
the total length of the grating. On the other side, suppression
of the grating strength will increase the transmission loss for
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the commercial SOI substrate. Because the difference between
the exponential decaying field and the Gaussian mode is large
at the beginning of the grating, it is important to suppress the
grating strength at the beginning. Figure 1 shows the simu-
lation results of the dependences of the grating strength and
transmittance on the effective refractive index of the grating
grooves for a uniform grating coupler by using the finite differ-
ence time domain (FDTD) method. The transmittance through
the uniform grating increases with neq while grating strength
decreases with it as the neq is larger than around 2.5, which in-
dicates that adequate suppression of the grating strength at the
beginning of the gratings can increase the transmission loss
and then reduce the total coupling efficiency. Transmission
loss, not like downward-diffraction which can be employed by
an additional mirror, cannot be recollected or reused. Hence,
there is a balance between the mode overlap and total coupling
efficiency.

. T T T T 1.0
‘E sk e /‘ ]
3 10.8
? ol / .\\ - g
gﬂ osl ® 10.6 £
g 7| —=— grating strength « é
=2 0.2 —— transmittance 10.4 £
02y I
= =
S 0.1F \ 10.2
S / \ 1
O 0 e . e 1 1 0

1.5 2.0 2.5 3.0 3.5

Meq

Fig. 1. (color online) Calculated dependences of the grating strength
and transmittance on the effective refractive index of grating grooves.
The apodized grating couplers using fully etched both

nanorectangles and nanoholes were fabricated by considering
the transmittance loss. The coupling efficiencies are increased
by 5.7% and 4.3%, respectively, compared with those of the
uniform grating couplers at 1550 nm. Compared with a tradi-
tional shallowly etched grating coupler, the proposed apodized
fully etched grating coupler with grating grooves realized by
columns of fully etched nanostructures has two advantages.
One is that with the feasibility of digital tailoring, the effective
refractive index of each groove can obtain the Gaussian-like
output diffractive mode. The other is that the fully etched grat-
ing coupler can simplify the fabrication process since it can be
fabricated by using the same process as that for fabricating the
strip waveguide.

2. Optimization of apodized grating couplers

Figure 2 shows the cross-section (a) and top view (b) of
the proposed apodized grating coupler. Our designed grat-
ing couplers are implemented in a standard 260-nm-thick SOI
wafer with a 1-pm-thick BOX layer. The grating is optimized
for transverse electric (TE) polarization and a central wave-
length of 1550 nm. For the 1550-nm wavelength, the refractive

index n; = 3.476 for Si, ny = 1.444 for SiO,. Each groove is
composed of nanorectangles or nanoholes along the y direction
with the effective refractive index of neq; for the i-th period.
Then the alternate two-dimensional (2D) nanostructures with
bulk Si can be regarded as a conventional one-dimensional
(1D) grating structure with alternative effective refractive in-

dex of the neq,; and n1, and longitudinal period A;, duty cycle

f, which is illustrated in Fig. 2(a).
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Fig. 2. (color online) Schematic diagram of an apodized grating cou-
pler with nanostructures serving as grating grooves: (a) side view; (b)
top view.
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Fig. 3. (color online) Value distributions of duty cycle of the i-th groove
fy,i» €quivalent refractive index neq,; of the grating grooves, and longitu-
dinal grating period A ; for apodized grating couplers using nanorectan-
gles as refractive index tuning layer, versus longitudinal grating period
number.

In order to obtain high coupling efficiency, the selection
of the effective refractive index of each groove is determined
by a large number of trials. Two-section grating couplers are
determined with the first section as the effective refractive in-
dex linearly varies from 2.8 to 2.2 for the first 10 periods.
The second section uses a uniform effective refractive index
of 2.2 along 15 periods. The maximum effective refractive
index is limited to 2.8 for the lower transmittance loss accord-
ing to Fig. 1. The optimized distributions of the i-th groove
fy.i» equivalent refractive index neq; of the grating grooves, and
longitudinal grating period A;; for apodized grating couplers
using nanorectangles as refractive index tuning layer, versus
the i-th longitudinal grating period number of duty cycle of
the i-th groove f,; are shown in Fig. 3. The value distribu-
tions of the i-th groove D;, equivalent refractive index neq; of
the grating grooves, and longitudinal grating period A,; for
apodized grating couplers using nanoholes as refractive in-
dex tuning layer, versus longitudinal grating period number
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are shown in Fig. 4. neq; and A;; distributions are the same
for these two gratings. Trends of fy; and D; are the opposite
because neq,; is proportional to fy;, but inversely proportional
to D;. In order to compare the tuning effect of the effective
refractive index on coupling efficiency, both the apodized and
the uniform grating couplers are simulated and fabricated.
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Fig. 4. (color online) Value distributions of the i-th groove D;, equiva-
lent refractive index neq,; of the grating grooves, and longitudinal grat-

ing period A ; for apodized grating couplers using nanoholes as refrac-
tive index tuning layer, versus longitudinal grating period number.
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Fig. 5. (color online) Variations of coupling efficiency of apodized
grating coupler (a) and uniform grating coupler with wavelength at
Neq = 2.4 of grating grooves (b), for different coupling angles.

Figure 5 shows variations of coupling efficiencies with
wavelength at incident angles of from 16 to 24, solved by the
FDTD software for the apodized grating couplers (Fig. 5(a))
and uniform grating couplers (Fig. 5(b)). The neq of the uni-
form grating coupler is 2.4 because its coupling efficiency is
maximum at 1550 nm according to the FDTD simulation re-
sult of the coupling efficiency dependent on the refractive in-
dex. The wavelengths at the peak coupling efficiency are al-
most the same: blue shifts with the incident angle both for

the apodized and uniform grating couplers, which can be seen
from the phase-matching conditions. The peak coupling ef-
ficiencies are 68.2% and 59.4%, with the 3-dB bandwidths
of 74 nm and 80 nm for the apodized and uniform grating
couplers, respectively. However, when the incident angle is
20°, the wavelength of 1550 nm reaches the peak coupling ef-
ficiency.

3. Grating coupler fabrication and experimental
results

Figure 6 shows the scanning electron microscopy (SEM)
images of the fabricated apodized and uniform grating cou-
plers with nanorectangles and nanoholes as refractive index
tuning layer, which are fabricated on an SOI wafer with a
top silicon thickness of 260 nm and BOX layer thickness of
1 pm. After e-beam lithography and the inductively coupled
plasma (ICP) etching patterned the nanostructures according
to the design parameters, the silicon waveguides are formed
by the traditional ultraviolet lithography and ICP etching with
SFe/C4Fg gases. All these grating couplers are connected with
a 1-mm-long and 12 um-wide waveguide serving as input and
output optical power measurement interfaces. The coupling
efficiency is then determined as square root of the ratio be-
tween the output and input optical power since the waveguide
losses can be ignored.[®! It should be pointed out that the pur-
pose of a fully etched grating coupler is to simplify the fabri-
cation processes since it can be fabricated by using the same
process as that for fabricating the strip waveguide. In our pa-
per, the fully etched grating coupler and the strip waveguide
are fabricated separately due to the cost. The application of
two-step etching process does not affect the experimental re-
sults.

Fig. 6. (color online) SEM images of the fabricated apodized (a) and
uniform (b) grating coupler with nanorectangles, apodized (c) and uni-
form (d) grating coupler with nanoholes.

Figure 7 shows the measured variations of coupling effi-
ciency with wavelength for the apodized and uniform grating
couplers with nanorectangles and nanoholes at the coupling
angles ranging from 14° to 22°. Also as shown in Fig. 7,
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the peak coupling efficiencies keep almost unchanged with the
coupling angle, which indicates that the coupling wavelength
shifting can be compensated for by fine adjusting the coupling
angle. 2° coupling angle shifting will result in a 16-nm wave-
length shift, which is in agreement with the simulation results
as presented in Fig. 5. At 1532 nm and 1531 nm, the peak
coupling efficiencies are 47.5% and 41.8% with 3-dB band-
width of 67 nm and 69 nm, respectively, for the apodized and
uniform grating couplers with nanorectangles as the refractive
index tuning layers as shown in Figs. 7(a) and 7(b). While
with nanoholes as the refractive index tuning layer, at 1534 nm
and 1531 nm, the peak coupling efficiencies are 49.5% and
45.2% with 3-dB bandwidths of 69 nm and 73 nm, respec-
tively as shown in Figs. 7(c) and 7(d). Compared with those of
the uniform grating couplers, the coupling efficiencies of the
apodized grating couplers are increased by 4.3% and 5.7%, re-
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spectively, for the nanoholes and nanorectangles as refractive
index tuning layer. The improved coupling efficiency benefits
from the better mode matching between the diffraction field
distribution of apodized grating couplers and the mode field
distribution of fiber. However, the measured peak coupling ef-
ficiency decreases a lot compared with the simulation results.
We attribute it to the ICP processing because a smooth in-
terface helps reduce the interface loss. The difference in the
coupling efficiency between the apodized grating coupler with
nanoholes and that with nanorectangles as refractive index tun-
ing layer perhaps is caused by the deformation of the nanorect-
angles during the e-beam writing and etching, which is shown
in Fig. 6. The coupling efficiency is a little bit lower than the
simulation result, which is limited by the level of fabrication

process of our laboratory.
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Fig. 7. (color online) Measured coupling efficiencies versus wavelength of apodized (a) and uniform (b) grating coupler with nanorect-
angles, apodized (c) and uniform (d) grating coupler with nanoholes, for different coupling angles.

4. Conclusions

In this work, the apodized grating couplers by using
nanorectangles and nanoholes to digitally tailor the effective
refractive index of each groove are demonstrated, which is to
bridge the mode gap between the grating coupler and opti-
cal fiber. The maximum coupling efficiency of 49.5% with
3-dB bandwidth of 69 nm is reached. Compared with that of
the uniform grating couplers, the coupling efficiencies of the
apodized grating couplers are increased by 4.3% and 5.7%, re-
spectively, for the nanoholes and nanorectangles as refractive

index tuning layer. The improved coupling efficiency benefits

from the better mode matching between the grating couplers
and SMF.
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