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Abstract—Silicon photonic grating couplers are demonstrated
featuring a perfect vertical coupling and predicted coupling effi-
ciencies of 87 % and 78 % with an apodized and a standard periodic
structure, respectively. Vertical coupling is usually difficult to be
achieved with standard diffraction gratings, since both the forward
and backward scattered light meet the Bragg condition alike. In
this work a vertical grating coupler which satisfies both high direc-
tionality (> 97 %) and low back-reflection (< 1%) simultaneously
is realized using a blazed sub-wavelength structure. The measured
maximum coupling efficiencies with a standard single-mfiber are
—1.5 dB and —2.2 dB for apodized and periodic structures, re-
spectively. The suggested structure offers an ultimate solution for
compact coupling schemes in Si photonics, since it meets the most
important needs of grating couplers, which are directionality, ease
of fabrication, and a possibility to vertically couple. The vertical
grating coupler are fabricated on a silicon-on-insulator wafer with
a 220 nm-thick silicon layer, relying only on a 2-step etching tech-
nology.

Index Terms—Grating coupler, high directionality, integrated
photonics, Si photonics, vertical coupler.

1. INTRODUCTION

ERFECT vertical grating couplers are of high interest since
P they allow for an easy alignment of vertically aligned fibers
and fiber arrays to couple light to horizontal waveguides on a
chip. A prominent example are emerging space division mul-
tiplexing (SDM) schemes. SDMs [1], [2] promise a dramatic
increase of the transmission capacity in long-haul optical fiber
communications because they can guide multiple independent
signals. However, to make SDM transmission systems practical,
multi-core fibers (MCFs) in which multiple cores are densely
packed have been proposed [3]-[6]. And indeed, SDM tech-
nology is expected to be a solution to increase the degree of
integration and parallelism in optical interconnects [7], [8].
To achieve a dense coupling density fan-in/fan-out (FI/FO)
devices for multi-core fibers (MCFs) have recently been
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Fig. 1. Schematic view of a fan-in/fan-out device for multicore fibers using a
grating coupler array with freely routing bus-waveguides.

demonstrated with a two-dimensional array of silicon grat-
ing couplers [9]-[11]. Similarly, polarization splitters [12] and
mode multiplexers for few-mode fibers (FMFs) [13], [14] have
also been realized using a grating coupler array. These device
concepts could be more promising than other multiplexing de-
vices such as a photonic lantern [15], provided that efficient
perfect vertical grating couplers were utilized. However, with a
standard grating coupler the fiber has to be aligned at a particular
coupling angle with respect to the surface of the chip in order
to suppress back-reflections. Therefore each grating coupler in
these array devices was forced to be arranged facing an identical
direction to maintain the coupling angles, resulting in a restric-
tion of the channel density. For instance, to couple a 37-core fiber
with the array devices, bus-waveguides of grating couplers have
been obliged to taper down within a length of the core pitches of
the MCF (i.e., 40 um) in Ref. [10]. To arrange seven grating cou-
plers, a 45deg.-slants waveguide which enables routing 13 m-
width bus-waveguides has been adopted to arrange seven grating
couplers [11]. On the other hand, a tilt-free grating coupler could
provide freely arranged routing bus-waveguides as envisioned
in Fig. 1. If such a scheme with efficient vertical grating coupler
were available it likely would become a key component that
could significantly enhance the integration density in silicon
photonics.

So far, several efficient fiber-to-chip couplers with perfect
vertical coupling have been demonstrated, including 45-degree
mirror waveguides based on silica [16] and InP [17] platforms,
a bent waveguide technology [18] or vertical grating couplers.
There is a rich literature about vertical grating couplers. So
for instance, they have been realized by means of an overlay

0733-8724 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



4664

TABLE I
FIGURES OF MERIT OF VERTICAL GRATING COUPLERS

;gt?;:li Grating Fabrication
Year [%] Height  Apd. Pol. steps Ref.
Sim.  Exp. [nm] Etch.  Dep.
2005 76 - 240 - TE 1* - [21]
2007 50 - 370 - TE 1 1 [19]
2008 42 34 220 v TE 1 - [22]
2013 68 60 343 v TE 1 4 [23]
2015 70 - 300 - TE 2 2 [20]
2015 24 22 340 v ™ 1 - [24]
2017 % 220 / TE 2 - \zgi

Sim.: Simulated, Exp. : Experimental, Apd. ; Apodized (incl. Chirped), Pol. :
Polarization, Etch. : Etching, Dep. : Deposition.
*Side walls of etching must be slanted.

technology [19], a dual layer waveguide scheme [20] or a slanted
tilted waveguide [21]. While simulations predict coupling effi-
ciencies up to 76% practical realizations have shown coupling
efficiencies up to 60% [21]-[24]. A while these are already
good results so far most published vertical coupling schemes
require intricate fabrication steps and often require additional
fabrication steps that are not compatible with the conventional
CMOS platform. Table I summarizes figures of merit of re-
ported vertical grating couplers. In Table I, the term “Coupling
efficiency” relates to a coupling efficiency with standard single-
mode fibers (SMF) and a mode field diameter of around 10 pm.
“Fabrication steps” represents the number of fabrication steps
to form the grating structure on a SOI wafer with the core layer
and the buried oxide (BOX) layer already deposited. Here, the
number of deposition steps (Dep.) excludes top-cladding layer
deposition.

On the other hand, highly efficient grating couplers have been
demonstrated with blazed and sub-wavelength structures, even
though they need particular tilt angles of the fiber for cou-
pling. In Ref. [25], a sub-wavelength structure has been adopted
to suppress the back-reflection. Then, very recently, a grating
coupler with a coupling efficiency of 78% and a directionality
higher than 95% was predicted utilizing the blazing effect with
conventional simple fabrication methods [26].

In this paper, we demonstrate a grating coupler providing both
a high directionality and perfect vertical coupling from a single-
mode fiber (SMF) to a silicon-on-insulator (SOI) waveguide, by
adopting both blazed and anti-back-reflection structures in the
same grating. While simulations predict coupling efficiencies
of 87% in an ideal structure we experimentally show coupling
losses of the grating coupler with a SMF of 1.5 dB at the peak
wavelength. The coupling technique relies only on a simple
double etching process and is compatible with a standard SOI
technology.
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Fig.2. Schematic view and structural parameters of proposed grating coupler.

II. DESIGN AND CONCEPT OF THE BLAZED GRATING WITH
ANTIBACK-REFLECTION STRUCTURES

To achieve a high coupling efficiency several design require-
ments have been combined into the grating coupler. Vertical
coupling is normally difficult to be achieved with a standard
diffraction grating, since the forward and backward scattered
light undergo the same Bragg condition. Therefore, we inte-
grated a two etch-step blazed and subwavelength grating struc-
ture to obtain a low back-reflection and a high directionality.
Fig. 2 shows a schematic representation of the proposed grat-
ing coupler. Each grating period consists of a single pillar and
an L-shaped structure. To enhance the blazing effect the op-
tical path length difference within the L-shaped structure has
been optimized for maximum directionality. Furthermore, the
subwavelength pillars provide an anti-reflection effect and the
back-reflection is suppressed by destructive interference of
the reflected light. As a result, our grating coupler achieves
both a high directionality and a perfect vertical coupling.

First, the grating coupler was optimized using a commercial
FDTD solver (by Lumerical). In the simulation, a waveguide
mode with transverse electric (TE) polarization was launched
into the grating coupler. The radiated field from the grating
coupler was collected with a standard SMF (core diameter:
9.0 pum, index contrast: 0.36%) at an angle of 0 degrees with
respect to y-axis (i.e., 03 = 0). Then, the structural parameters
l1, 1o, 13, s1, and so were optimized using the particle swarm al-
gorithm for achieving the maximum optical power coupling into
the fiber at the wavelength of 1550 nm. We assumed that the grat-
ing coupler is covered by SiO, as a top-cladding layer and the re-
fractive indices of Si and SiO, were 3.45 and 1.45, respectively.
The waveguide width wy, and thickness ¢, were setto 14 pym and
220 nm, respectively. The thickness of shallow etched areas of L-
shaped structures, ¢, was set to 110 nm. Here, we also simulated
and optimized the grating coupler with a shallow etching depth
of 70 nm (¢, = 150nm) which Si photonics foundries have
adopted commonly. The obtained optimal structural parameters
are summarized in Table II, where grating periods are defined as
A. Fig. 3 shows an electromagnetic field profile radiated by the
grating coupler with optimum structural parameters summarized



WATANABE et al.: PERPENDICULAR GRATING COUPLER BASED ON A BLAZED ANTIBACK-REFLECTION STRUCTURE

TABLE II
OPTIMUM STRUCTURAL PARAMETERS OF THE GRATING
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Fig. 3. Simulated electromagnetic field profile radiated by optimized grating

coupler.

in table II. In Fig. 3, py, ps, p1n, and pq are optical power ratios
of lights propagated upward, forward, downward, and backward
to the input optical power, respectively. It can be seen from
Fig. 3 that the most of the optical power is radiated upward
for the grating coupler with the diffraction angle of 0 degrees
at the wavelength of 1550 nm. Here, the directionality np is
defined as

D :pu/(pu +,0d)- (D

Thus, the directionality of the optimized grating coupler is
97%. The back-reflection was sufficiently suppressed to less
than 1%.

Furthermore, to investigate dependences of the directionality
and the back-reflection on the grating structure, the grating was
simulated with varying parameters of the pillar and L-shaped
structures. First, the calculations were performed for variations
of the width of the shallow etched areas ls in the L-shaped
structure. Here, a deviation of the width /s was defined as dl»
so that,

ly =y +dly, )
I3 =13, —dly, 3)

where parameters with subscript “0” such as I, o represent the
ideal value summarized in Table II. Here, parameters other than
ly and I3 were maintained at optimum values. It can be seen
from Fig. 4(a) that the directionality is strongly affected by the
width of the shallow etched area of the L-shaped structures.
In contrast fluctuations of back-reflections are below 8%. Sec-
ond, the calculations were performed for various pillar structure
parameters with deviations of dl; in the following equations,

Iy =l +dly, €]
§1 = 581,0 — dll (5)
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Fig.4. Dependences of the directionality and the back-reflection on structural

parameters of gratings. (a): L-shaped structures, (b): pillar structures.

As shown in Fig. 4(b), the back-reflection is highly dependent
upon the pillar width. The backward reflected light increases if
the pillar width is not properly chosen and is diffracted down-
ward by means of the blazing effect of L-shaped structures.
As a result, the directionality is deteriorated even though the
L-shaped structures are maintained at an ideal geometry. There-
fore one can infer that the directionality is determined by the
L-shaped structure that is responsible for the blazing effect and
the pillar structures play an important role for suppressing back-
reflections.

Next, we investigated dependences of the directionality and
the back-reflection on the BOX layer thickness. Since downward
diffracted light is reflected at the Si substrate surface one might
expect that the power of the upward light fluctuates due to inter-
ference of with downward back-reflected light when varying the
thickness of the BOX layer. However, our grating coupler has
a sufficiently high directionality so that one only finds a very
small dependence on the BOX layer thickness. As shown in
Fig. 5, directionality fluctuations were below 1% and back-
reflection was hardly influenced by the BOX thickness.

Subsequently, fabrication tolerances of the coupling effi-
ciency ncg were studied. The coupling efficiency of a grating
coupler is defined as the ratio of the optical power coupled into
an SMF Pg\r to the power of TE polarized fundamental mode
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Fig.5. Dependences of the directionality and the back-reflection as a function
of the thickness of buried oxide layer.

in the waveguide Py . This way the coupling efficiency can be
expressed as,

Psyir
Py

NoE = = ¢F0 * Pu

= ¢ro mp - (1= py — pr), (©)

where, ¢ro is an overlap coefficient between a mode field profile
of the SMF and that radiated by the grating coupler, p1, and ps are
the ratio of optical power back-reflected by gratings and passing
through gratings, respectively. Both p;, and py can assumed to
be small numbers.

Since fabrication errors of the grating width and the thick-
ness of the shallow etched area are expected in fabrication,
the coupling efficiency was calculated for the case where they
would deviate from the ideal value as a function of wavelength.
Here, width errors of gratings that might be caused by full and
shallow etchings were assumed to be dly and dlg, respectively.
An error of etching depth of the shallow etched area was de-
fined as dts. Then, each deviation from the ideal grating can be
expressed as,

51 = 81,0 — dl, (7
s2 = 8§30 — dlp, (3)
hh=1lo+dy, )
lo =1y +dlp/2—dls/2, (10)
Iy = ls0 +dlp /2 + dls /2, (11)
ty =t + dis. (12)

As shown in Fig. 6(a), the peak wavelengths of the coupling
efficiency is shifting with the width variation. This can be un-
derstood as follows. From the diffraction principle it is clear
that an increase of the grating width results in an increase of
the effective refractive index of the grating area which corre-
sponds to a red-shifting of the peak wavelength. Also, it can be
seen from Fig. 6 that the fabrication tolerance of the shallow
etched area, Fig. 6(b), is higher than that of the full etched area,
Fig. 6(a). Fig. 7 shows the calculated results of the coupling ef-
ficiency against changes of the shallow etched area thickness. A
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coupling efficiency of > 60% can be maintained for deviations
of < £10 nm at the wavelength of 1550 nm.

Finally, we simulated top-cladding thickness dependence of
the coupling efficiency as shown in Fig. 8. Here, the refractive
index of the background area of the simulation was set to 1.0 as
the one of the air. The grating was covered by silica cladding
with a thickness of #(,;,. Fluctuations of the coupling efficiency
due to interferences of light reflected at the cladding surface
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Fig. 8. Coupling efficiency dependence on top-cladding thickness.

can be observed in Fig. 8. Fluctuations are in a range of about
10%. Under consideration of the results from Fig. 8 we fixed
the top-cladding thickness #;,,, to 1.7 um.

III. APODIZATION

It is shown in Eq. (6) that the coupling efficiency of grating
couplers with a standard SMF can be considered as a product
between the overlap coefficient ¢ro and the directionality np,
assuming py, and p; are negligible. Above we have optimized
7p but there is room in improving the overlap coefficient ¢pq.
oro is the result of the overlap between mode profile emitted
by the grating and the mode profile in the single mode fiber. The
periodic grating coupler produces an exponentially decaying
intensity profile along the propagation direction (z direction in
Fig. 2) [27]. In contrast, the profile of a fundamental mode of
an SMF has approximately a Gaussian shape. In order to further
enhance the coupling efficiency, we have engineered the field
distribution using apodization [27], [28].

Our grating coupler has 20 periods of gratings and each grat-
ing has 5 structural parameters (i.e., 100 variables in total). To
solve such an optimization problem with many variables, we
have adopted the evolutional strategy [29]. First, the variables
were thinned out, so that each grating parameter can be defined
by a spline function with 6 sampling points [30], plotted with
rhombus shaped dots in Fig. 9. Then, we only optimized these
sampling points using an evolution strategy. The optimized pa-
rameters of the apodized grating coupler are shown in Fig. 9,
where the parameters of grating coupler with 70 nm-depth shal-
low etching was apodized. It is noted that this sampling method
could be very useful for apodizing a grating coupler with even
more parameters.

IV. FABRICATION AND CHARACTERIZATION

The grating couplers were fabricated on a commercially avail-
able SOI wafer with a 220 nm-thick Si and 3.0 pym-thick BOX
layer. First the shallow etched areas of the grating coupler were
defined by electron-beam (EB) lithography (Vistec EBPG5200)
using a positive-tone resist, followed by dry-etching with HBr-
ions (Oxford Plasmofab System 100). Next, the waveguides and
full-etched regions of the device were processed with negative-
tone resist and dry-etching with HBr-ions. Judging from a
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Fig. 10.  Scanning microscopy image of the fabricated periodic grating coupler
with 110 nm-depth shallow etching. The white window represents magnified
gratings.

scanning electron microscopy (SEM) image of the fabricated
grating coupler the pillars and L-shaped structures have been
well formed as shown in Fig. 10. Then, a top-cladding layer of
silica was deposited using PECVD (Oxford Plasmalab System
100). We fabricated two chips. One was with 110 nm-depth
shallow etching and the other was with 70 nm-depth shallow
etching. The apodized grating was fabricated with a 70 nm-
depth shallow etching.

The fabricated devices have been characterized with vertically
aligned two single mode fibers. The device consist of input and
output grating couplers with a 200 pm long tapering waveguide.
These two grating couplers were connected via a 500 nm wide
waveguide with a length of several millimeters (3.6 mm for
one with 110 nm-depth shallow etching and 4.8 mm for ones
with 70 nm-depth shallow etching). The insertion loss (fiber-
to-device-to-fiber) were measured using a tunable laser source
and a power meter. The polarization of the incident light was
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adjusted to the TE mode using a polarization controller. The
coupling losses of the fabricated grating coupler were evaluated
by subtracting the propagation and back-to-back losses from the
measured insertion losses.

Fig. 11 summarizes simulated and measured coupling ef-
ficiencies of three types of grating couplers (i.e., two periodic
grating couplers with 70 nm- and 110 nm-depth shallow etching,
and an apodized grating). The simulated coupling efficiencies
were —1.1 dB (78%) and —0.6 dB (87%) at 1550 nm wavelength
for periodic and apodized gratings, respectively. It can be ob-
served in Fig. 11 that the bandwidth of the apodized grating is
narrowed even though the coupling efficiency improved by 9%,
compared with the periodic gratings. In this work, the apodiza-
tion has been optimized for a wavelength around 1550 nm so that
the peak coupling efficiency is maximized. Yet, the apodized
grating has not been optimized for a broad spectral coupling
range. The measured coupling efficiency of the periodic grating
couplers with 110 nm-depth shallow etching was —2.4 dB at the
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peak wavelength of 1522 nm with a 3 dB bandwidth of 66 nm.
The one with the 70 nm-depth showed a —2.2 dB coupling loss
around 1541 nm wavelength with a 3 dB bandwidth of 69 nm.
Finally, the experimental coupling efficiency of the apodized
grating coupler was —1.5 dB at a 1533 nm wavelength with a
3 dB bandwidth of 49 nm. The discrepancies of coupling effi-
ciency spectrums between the simulation and the experimental
results were expected to be mostly attributed to a narrowing
of grating structures during the etching process and thickness
errors of the shallow etched areas, resulting in a change of the
effective refractive index of the grating area. To confirm this,
we simulated coupling efficiencies using structural parameters
of the fabricated devices which were observed by SEM images
and atomic force microscope, as plotted with dashed lines in
Fig. 11. The shifts of peak wavelength can be explained by the
structural errors. The discrepancies of the peak coupling effi-
ciency between experiment and estimation were about 0.7 dB
for both periodic gratings and the apodized grating.

Furthermore, we also simulated and measured back-
reflections as shown in Fig. 11. For periodic grating couplers,
the back-reflection can theoretically be suppressed over a wide
wavelength range. We evaluated the back-reflection of fabri-
cated grating couplers from Fabry-Perot ripples of the mea-
sured coupling efficiency spectrum. For the periodic grating
coupler with 110 nm-depth shallow etching, we could calculate
back-reflections only at certain wavelengths where the back-
reflection is relatively larger (> ~3%). The Fabry-Perot ripples
caused by the back-reflection were not evident in the spec-
trum of one with 70 nm-depth shallow etching. As shown in
Fig. 11(b), the experimental back-reflections of the apodized
grating coupler are fairly-well matched with the estimated val-
ues. Since the apodized grating coupler was optimized at the
peak-wavelength, the back-reflections are large other than at the
peak-wavelength.

V. CONCLUSION

Highly efficient grating couplers with perfect vertical cou-
pling are successfully demonstrated on a standard SOI wafer
with 220 nm-thick silicon layer, relying on a 2-step etching
technology. A coupling efficiency of —1.5 dB has been exper-
imentally measured at a wavelength of 1533 nm with a 3 dB
bandwidth of 49 nm with an apodized grating coupler structure.
We have also shown that our structure effectively suppresses the
back-reflection in terms of both simulation and experiment. To
the best of our knowledge, this is the highest coupling efficiency
experimentally demonstrated with perfectly vertical coupling
hitherto without complicated additional fabrication processes.
In addition, our grating coupler is compatible with the standard
Si photonics technology and is easy to fabricate. Our grating
coupler can be a key components that could significantly en-
hance the integration density in silicon photonics, providing
input/output devices of SDM. As an alternative application, our
grating coupler can simplify the aligning a chip with an optical-
circuit-board (OCB) [31], since the in-plane relative position
which minimizes the insertion loss does no more depend on the
relative distance between chip and OCB owing to the verticality.
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