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A high efficiency and broad bandwidth grating coupler between a silicon-on-insulator (SOI) nanophotonic waveg-

uide and fibre is designed and fabricated. Coupling efficiencies of 46% and 25% at a wavelength of 1.55 pum are achieved

by simulation and experiment, respectively. An optical 3 dB bandwidth of 45 nm from 1530 nm to 1575 nm is also

obtained in experiment. Numerical calculation shows that a tolerance to fabrication error of 10 nm in etch depth is

achievable. The measurement results indicate that the alignment error of +2 pm results in less than 1 dB additional

coupling loss.
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1. Introduction

Optical waveguide structures with high refractive
index contrast are promising for large scale integration
of optical functions on a single substrate. This is due
to the fact that the high refractive index contrast al-
lows realization of wavelength or sub-wavelength scale
optical components® =4 which can be interconnected
by nanophotonic integrated waveguides. Silicon-on-
insulator (SOI) technology is emerging as a promising
platform for nano-scale optical waveguides due to the
high refractive index contrast between the silicon core
and the oxide cladding. This enables high-density in-
tegrated optical circuits, which can be fabricated by
standard complementary metal oxide semiconductor
(CMOS) technology.[>¢ However, the large difference
in dimension between the micro-scale fibre and the
nano-scale waveguide on a chip causes high insertion
loss and high packaging cost. Several approaches have
been followed to tackle the problem. A very elegant
solution is the inverted taper approach, in which low
loss and broadband operation were demonstrated in
Refs. [7]-]9].
a lens or high numerical aperture fibre for a reduced

These structures however still require

optical mode size.

As proposed in the literature, one-dimensional('?!
or two-dimensional grating structures'!] can also be
used to couple light from a fibre into an SOI waveg-
uide. These grating couplers have the advantage of
requiring no polished facets for coupling, which en-
ables wafer scale online testing of photonic integrated
circuits. A one-dimensional grating structure with a
theoretical coupling efficiency of 37% and experimen-
tal coupling efficiency of 31% was reported.['?] Here,
we present a grating coupler with a higher theoretical
coupling efficiency up to 46%. This result is partly
due to the fact that the parameters of the SOI wafer
we used are different from those of the previously re-
ported studies.

2. Design of the device

The principle of the grating coupler is shown in
Fig. 1. Tt is used to couple the light from a standard
single-mode fibre into a waveguide. An adiabatic ta-
per is still designed to connect the 10 pm wide grating
waveguide to the single-mode nanophotonic waveguide
with a width of 0.45 ym. This taper with a length of
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100 pm can achieve a theoretical lossless conversion
by calculation.
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Fig. 1. Schematic of the coupling from fibre to waveguide.

The structure that we propose is depicted in
Fig. 2. It consists of an SOI waveguide with a top
silicon layer of 340 nm in thickness and a buried oxide
layer of 1 um in thickness in order to prevent leakage
of light to the silicon substrate. The structure has a
thicker top silicon layer than the reported grating nor-
mally has, with a 220 nm thick top silicon layer. The
thicker top silicon makes deeper etching possible.
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Fig. 2. Proposed device layout for high efficiency coupling
to an optical fibre.

It works based on the fact that the etch depth
is increased slightly to produce a higher coupling
strength which is limited by the refractive-index mod-
ulation and the groove depth,['3 at the same time the
reflection of the grating is not increased by the thicker
top silicon layer. Therefore, a higher theoretical cou-
pling efficiency is obtained in our design. The grating
is etched in the top silicon layer (n = 3.47) which is
on top of a 1 pm thick SiOs layer (n = 1.46), and air
(n = 1) is the cladding of the structure. The grat-
ing has an etch depth D. The grating period is A
and the filling factor is FF = w/A, where w means
the segment length of un-etched top silicon in one pe-
riod. To optimize the structure, the influence of D of
the grating and A on the directionality of the grating

(being the amount of power diffraction upwards for
a grating) is assessed. We use a short grating with
20 periods, then the whole grating length is 12 pm,
which is close to the near-field mode diameter of a
single mode fibre. The simulation is performed by us-
ing CAMFR,[™ a two-dimensional (2-D) full vectorial
solver based on eigenmode expansion. The complete
problem is a three-dimensional (3-D) problem, but it
can be reduced into a 2-D problem because the width
of the grating for coupling, 10 pm, is much larger than
the height of 340 nm.['¥ But it is expected that in a
real 3-D configuration, the coupling efficiency will be
lower than that obtained from 2-D model-based simu-
lations. The light is assumed to be of TE polarization
and has a wavelength of 1.55 pum in calculation. The
design for TM polarization is under different consider-
ations. Some care should be taken when the efficiency
values are discussed. In the literature about grating,
coupling efficiency is often defined as the fraction of
the power that is coupled out by the grating. Here,
coupling efficiency is considered as the power coupled
into the fibre. We use near vertical coupling (at 10°
with respect to the vertical axis) to avoid second-order
reflection and consider coupling from the waveguide
into the fibre.['4]

The simulation results are plotted in Fig. 3 (for
a grating duty cycle of 50%). The coupling curves of
vertical coupling and the near vertical coupling at 10°
are shown. A higher efficiency is obtained when the
second-order reflection is avoided. This figure shows
that an optimal coupling efficiency of 46% at a wave-
length of 1.55 pm is achieved for D = 150 nm and
A = 580 nm. We also obtain a large bandwidth
with 3 dB bandwidth of 80 nm from 1515 nm to
1595 nm and 1 dB bandwidth of 40 nm from 1530 nm
to 1570 nm by using a grating with a large coupling
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Fig. 3. Simulation results for vertical coupling and near
vertical coupling with uniform periods.
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strength. The large bandwidth can be used to increase
the efficiency of broad band coupling, so it is very help-
ful in large power pump, nonlinear optics, etc. The
main limitations to the efficiency are the coupling to
the substrate and the mismatch between an exponen-
tial profile and a Gaussian profile. The directionality
can be improved by optimizing the thickness of the

buried oxide layer.!*9]

3. Sensitivity to fabrication error

The effects of variations in etch depth and groove
width are analysed to determine whether the proposed
device has a reasonable tolerance to fabrication error.
Shown in Fig. 4(a) are the resulting coupling efficien-
cies for different etch depths. For an error of 10 nm the
maximum coupling efficiency remains approximately
the same but the wavelength with the maximum effi-
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ciency is shifted. This wavelength shift can be com-
pensated by adjusting the angle of the fibres, but for
most applications the etch depth must be controlled
accurately. If the grating is etched too deeply, there
occurs not only a shift to longer wavelengths, but an
increase in second order reflection. Figure 4(b) shows
the effect of a different filling factor. A filling factor
change from 50% to 40% or 60% has only a small ef-
fect on the coupling efficiency curves. However, in the
case of 60% filling factor, the second order reflection is
also increased. This is unobservable in the efficiency
curve but may be relevant to some applications. In
real fabricated structures these errors on the different
parameters are present all at the same time. In the
worst case where all the effects are present and jointly
come to play a role, it is also possible that one error
cancels the other. We can conclude that the tolerance
to fabrication error is very tight, but achievable. The
high accuracy needed is typical for all nanophotonic
structures.
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Fig. 4. (a) Coupling efficiency for different etch depths and (b) coupling efficiency for different filling factors.

4. Fabrication

The processing of the diffractive grating structure
was performed on a 10 mm x 10 mm SOI wafer, con-
sisting of a 340 nm thick silicon waveguide layer and a
1 pm thick buried oxide layer on silicon substrate. The
optical waveguides and the diffraction grating are de-
termined by two steps. The waveguide and the taper

are determined by using electronic beam lithography

(EBL) firstly, and over etched to buried oxide by in-
ductive coupled plasma (ICP) dry etching. Then the
grating is determined on the waveguide by EBL and
etched 150 nm deep by ICP.

A scanning electron microscopic (SEM) image of
the fabricated uniform grating is shown in Figs. 5(a)
and 5(b). The etch depth and the groove width are
measured to be about 155 nm and 290 nm, respec-
tively, which are very close to the parameters we de-

sign.
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Fig. 5. (a) SEM image of fabricated grating structure on a 10 um wide SOI waveguide and (b) SEM picture of

the cross section.

5. Measurements

In the measurement, light is coupled in by using
a near vertical fibre and the output power is measured
at a cleaved facet. The input fibre is mounted on a
high-precision 6-axis translation stage and set to a 10°
angle respect to the vertical direction. The sample is
mounted on a 2-axis stage and a microscope objective
is used to collect the light from the output facet at the
output side. During the initial alignment, the infrared
camera is used to monitor the light coming from the
facet. When the objective lens is properly aligned,
the output light is focused onto the power detector
and power transmission is measured, which is shown
in Fig. 6.
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Fig. 6. Experimentally obtained fibre-to-waveguide cou-
pling spectrum showing 25% maximum efficiency and a
3 dB bandwidth of 45 nm.

The maximum fibre-to-waveguide coupling effi-
ciency is 25% at the wavelength of 1.55 pm and
3 dB bandwidth is 45 nm which is from 1530 nm to
1575 nm. We believe that the discrepancy between the
measurements and the simulations may be sourced as
follows: 1) as mentioned above, the 2-D model is used
to simulate the performance for convenience, but the

coupling efficiency in a real 3-D configuration will be
lower than that obtained from 2-D model-based sim-
ulations; 2) the propagation loss that is caused by
the roughness of waveguide sidewall. The roughness
comes to play a role when over etching cannot be ne-
glected; 3) what we detected by the power detector is
the forward diffraction light in the waveguide, there is
still some backward diffraction light which cannot be
detected leaking in the silicon slab. These extra losses
in fabrication and measurement depress the final re-
sults in the test.

An important property of the coupler is the sen-
sitivity to alignment error. The coupling loss as a
function of horizontal (in plane) position has been
measured. In Figs. 7(a) and 7(b), the additional loss
caused by alignment error is shown. We define the di-
rection of the light propagating in the grating as the
z direction, and the direction perpendicular to the z
direction in the plane as the x direction which is also
determined in Fig. 1. An alignment error of +2 pm
only induces less than 1 dB additional coupling loss.
To measure the curve in Fig. 7, the position of the
fibre is first optimized for the maximum coupling effi-
ciency, afterwards the position of the fibre is scanned
in the xz-plane.
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Fig. 7. (a) Alignment tolerances in the z direction and

(b) alignment tolerances in the z direction.

6. Conclusions

In this paper, an efficient broadband grating cou-
pler between an SOI waveguide and a single mode op-
tical fibre is studied theoretically and experimentally.
Simulation results show that an optimal coupling ef-
ficiency of 46% at a wavelength of 1.55 ym and 3 dB
bandwidth of 80 nm can be achieved for an etch depth
of 150 nm and a grating period of 580 nm, while exper-
imentally 25% coupling efficiency and 3 dB bandwidth
of 45 nm are obtained. A tolerance to fabrication error
of 10 nm in etch depth is achievable by the analysis of
numerical calculations, and measurements show that
an alignment error of 2 pm results in less than 1 dB
additional coupling loss.

References

(1]
2]
(3]
(4]
(5]
[6]

Notomi M, Shinya A, Mitsugi S, Kuramochi E and Ryu
H 2004 Opt. Ezxpress 12 1551

Preston K, Schmidt B and Lipson M 2007 Opt. Exzpress
15 17283

Xu Q, Manipatruni S, Schmidt B, Shakya J and Lipson
M 2007 Opt. Ezpress 15 430

Huang Q Z, Yu J Z, Chen S W, Xu X J, Han W H and
Fan Z C 2008 Chin. Phys. B 17 2562

LiJ Q, Bananej A, Li Q H, Chen Q and Li C F 2004 Chin.
Phys. 13 1046

Bogaerts W, Baets R, Dumon P, Wiaux V, Beckx S, Tail-
laet D, Luyssaert B, Campenhout J V, Bienstman P and
Thourhout D V 2005 J. Lightwave Technol. 23 401
Shoji T, Tsuchiwa T, Watanabe T, Yamada K and H
Morita 2002 Electron. Lett. 38 1669

McNab S J, Moll N and Vlasov Y A 2003 Opt. Ezxpress
11 2927

[9] Roelkens G, Dumon P, Bogaerts W, Thourhout D V and
Baets R 2005 IEEE Photon. Technol. Lett. 17 2613

[10] Taillaert D, Bogaerts W, Bienstman P, Krauss T F, Daele
P V, Moerman I, Verstuyft S, Mesel K D and Baets R
2002 J. Quantum Electron. 38 949

[11] Taillaert D, Chong H, Borel P I, Frandsen L H, Rue R M
and Baets R 2003 IEEE Photon. Technol. Lett. 15 1249

[12] Taillaert D, Laere F V, Ayre M, Bogaerts W, Bienstman
P, Thourhout D V and Baets R 2006 Japan J. Appl. Phys.
145 6071

[13] Dakss M L, Kuhn L, Heidrich P F and Scott B A 1970
Appl. Phys. Lett. 16 523

[14] Taillaert D, Bienstman P and Baets R 2004 Opt. Lett. 29
2749

[15] Roelkens G, Thourhout D and Baets R 2007 Opt. Lett.
32 1495

014219-5



