
Chin. Phys. B Vol. 20, No. 7 (2011) 074212

CMOS compatible highly efficient grating couplers

with a stair-step blaze profile∗
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A novel grating coupler with a stair-step blaze profile is proposed. The coupler is a CMOS process compatible

device and can be used for light coupling in optical communication. The blaze profile can be optimized to obtain a high

efficiency of 66.7% for the out-of-plane coupling at the centre wavelength of 1595 nm with a 1 dB bandwidth of 41 nm.

Five key parameters of the stair-step blaze grating and their effects on the coupling are discussed for the application in

L band telecommunication.
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1. Introduction

Silicon-on-insulator (SOI) material, which is com-
patible with CMOS process technology, can be useful
for high-density integration of nanoscale waveguides
and nanoscale devices in photonics circuits.[1] How-
ever, the photonic integration is still not light effi-
cient. One big roadblock is the large mode mismatch
between the nanoscale waveguide and the standard
optical fiber, which inherently induces the high in-
sertion loss and leads to the low light efficiency in
the integrated optical circuits. Recently, an attrac-
tive approach to achieve highly efficient coupling is
demonstrated by using grating couplers, such as uni-
form shallow etched teeth,[2,3] gold bottom reflectors[4]

and blazed objects.[5−9] Among them, the blazed grat-
ing coupler is a good candidate to achieve high diffrac-
tion directionality.[5] For the normal blaze profile, the
asymmetrical saw teeth were characterized and fabri-
cated in unibond SOI, which were used for coupling
light into the substrate.[6] Several procedures were re-
ported to define this kind of saw teeth like grating.[7,8]

However these fabrication processes required specially
customized dry etching and were not fully compatible
with rectangular optical waveguides. In order to fab-
ricate economically in a CMOS foundry, the binary
blazed grating coupler with a 53% coupling efficiency
was also theoretically proposed.[9] Although the pil-
lars of the binary blazed grating can be made by the
CMOS technology, both the lithographically minimum
pitch dimension of less than 30 nm and the rather
low fabrication tolerance, which is probably several
nanometers, limit its application in low cost integrated
technology.

Besides these unfeasible blazed gratings, the stair-
step blaze profile is an alternative approximation to
the asymmetrical saw teeth profile. The stair-step
blaze profile can be patterned by multi-step high reso-
lution lithography, such as electron beam lithography
(EBL) and ultra-violet lithography, which are compat-
ible with the standard CMOS technology. The grating
with stair-step blaze profile also offers more degrees
of design freedom, because more widths, depths and
their combinations become designing variables.

∗Project supported by the National Natural Science Foundation of China (Grant No. 60877036), the National Basic Research

Program of China (Grant Nos. 2006CB302803 and 2011CB301701), the State Key Laboratory of Advanced Optical Communication

Systems and Networks, China (Grant No. 2008SH02), and the Knowledge Innovation Program of Institute of Semiconductors,

Chinese Academy of Sciences (Grant No. ISCAS2008T10).
†Corresponding author. E-mail: lizhy@semi.ac.cn

c© 2011 Chinese Physical Society and IOP Publishing Ltd
http://www.iop.org/journals/cpb http://cpb.iphy.ac.cn

074212-1



Chin. Phys. B Vol. 20, No. 7 (2011) 074212

In this paper, a novel grating coupler with CMOS
compatible stair-step blaze profile is proposed. Con-
sidering the EBL fabrication tolerance, 5 and less
levels stair-step blazed gratings are discussed, corre-
sponding to the minimum trench width of more than
100 nm. An eigenmode expansion method is em-
ployed to analyze different kinds of stair-step grat-
ings. The characteristics of 5-level stair-step blazed
grating are analyzed and the related parameters, such
as blaze profile direction, number of stairs, etching
depth, blaze angle and width profile, are optimized.
It is shown that the grating with stair-step structure
is more efficient than the uniform grating structure.
As high as 66.7% coupling efficiency at wavelength of
1595 nm and 1 dB bandwidth of 41 nm in L band for
optical communication are predicted by the simula-
tion.

2. Device structure

The structure is fabricated on an SOI wafer with
a top silicon layer (n = 3.47) of 340 nm and a buried
oxide (n = 1.44) layer of 2 µm. The top confinement
layer is defined as air (n = 1). A side view of the stair-
step blazed grating coupler alone with the two dimen-
sional (2D) model is shown in Fig. 1. A transverse
electric (TE) polarization light beam is considered to
propagate in the nanoscale waveguide, diffracted by
the blazed grating coupler and received by a stan-
dard optical fiber with a 10 µm diameter optical mode.
The fiber is placed at the top of the grating coupler
with a certain tilted angle (∼10◦) to the normal of
the top silicon layer to avoid the second order reflec-
tion. This novel blazed grating coupler is simulated
with the CAMFR,[10] a two-dimensional fully vecto-
rial solver based on eigenmode expansion method.

According to the Bragg condition, the period
Λ of the 1st order diffraction grating should satisfy
Λ · (neff − n1 · sinΦ) = λ0, where neff is the effective
index of the fundamental TE mode, n1 is the media in-
dex of the top overlay, Φ is the tilted angle of the fiber
(here Φ is 10◦) and λ0 is the free-space wavelength
ranged from 1530 nm to 1650 nm. Considering the
mentioned SOI wafer structure and the fundamental
mode in the grating area, a grating period of 620 nm
is chosen. A 5-level stair-step blazed grating, which
is a close approximation to the saw teeth like blaze
grating, is schematically shown in Fig. 1(b). It can be
clearly seen in Fig. 2 that the input light is scattered

up efficiently to the fiber, which is tilted 10◦ with re-
spect to the substrate normal.

Fig. 1. (a) The schematic diagram of a blazed grating

coupler on SOI. (b) The model used for the simulation

of the 5-level stair-step blaze grating coupler, whose cross

section and effective index profile are similar to the saw

teeth like blazed grating coupler. The key parameters are

also shown in the plot.

Fig. 2. The electric field plot (the real part of the ver-

tical component of the propagating electric field ) of the

optimized grating coupler structure reveals that the input

light is scattered up efficiently to the fiber, which is tilted

10◦ with respect to the substrate normal.

3. Simulation and discussion

Since the 5-level blazed grating is more efficient
and offers more degrees of design freedom than the

074212-2



Chin. Phys. B Vol. 20, No. 7 (2011) 074212

uniform grating for out-of-plane coupling, the cou-
pling efficiency η can be improved by tuning the pa-
rameters. The overall coupling efficiency η between a
grating coupler and a fiber is mainly determined by
three factors as follows:

η = η1 · η2 · η3. (1)

The scattered efficiency η1, which indicates the
ratio of the input optical power in the slab waveguide
that is scattered out by the grating and also describes
the strength and the scattering ability of the grating,
is given by the followed expression:

η1 =
Pscattered

Ptotal
= 1 − R − T, (2)

where Pscattered is the scattered power including the
upward and the downward scattering by the grating,
Ptotal is the total incident power, R and T are the re-
flection and the transmission coefficients, respectively.

The η2 describes the ratio of the upward scattered
to the total scattered optical field power by the grating
and can be expressed as:

η2 = Pup/(Pup + Pdown), (3)

where Pup is the upward scattered power and Pdown is
the downward scattered power. The η2 is also called
the directionality of the grating.

The η3 represents the overlay efficiency between
the upward scatted optical field and the fundamen-
tal mode of the fiber, which has been discussed in
Ref. [11].

This paper mainly focuses on the optimization
of η1 and η2. The related parameters, such as the
blaze profile direction, the number of stairs, the etch-
ing depth, the blaze angle and the width profile of the
stair-step grating coupler, are discussed and optimized
to achieve high coupling efficiency.

3.1.The blaze profile direction

Comparing with the uniform grating, the stair-
step blazed grating is asymmetric in the propagation
direction. The grating in one period mainly has two
kinds of blaze profile directions. These structures are
schematically shown in Fig. 3. For the forward profile,
the stair heights increase along the light propagation
direction. In the backward profile, the stair heights
decrease along the light propagation direction. For
more precise comparison, the heights and the widths
of the stairs for the gratings are assumed to be the

same and then the effective indices of the fundamen-
tal modes in the gratings will be the same. It can
be seen in Fig. 3 that the coupling efficiency reaches
the highest value at the same wavelength, which also
supports the former assumption. However the reflec-
tion and the transmission features of these gratings
are quite different, which may be due to the different
Bloch waves propagating in the gratings.[12] The for-
ward profile blazed grating, whose reflection R around
the center wavelength is relatively lower, gives higher
coupling efficiency. As shown in Fig. 3, another kind
of blazed surface profile called combined profile for
short is also investigated. The combined profile is a
combination of the forward and the backward profiles
and shares the same period with the other two. The
simulation results show that the combined profile just
presents an intermediate state of the forward and the
backward profiles and no higher performance is ob-
tained.

Fig. 3. The coupling efficiency to fiber and the reflec-

tion back into the waveguide for different blazed gratings.

The schematic blazed grating profiles are shown. The for-

ward profile blazed grating gives higher coupling efficiency,

while the combined profile presents an intermediate state

of the forward and the backward profiles.

3.2.The number of stairs

As mentioned before, the stair-step blazed grat-
ing is a close approximation to the saw teeth like blaze
profile and provides a higher coupling efficiency than
the uniform grating. Increasing the stair number is
the most convenient way to make the approximation
more accurate. However, the resolution (∼20 nm) and
the tolerance (∼30 nm) of EBL we used limit the stair
number of this kind grating to less than five. The 3-
level and 5-level stair-step blazed grating couplers (4-
level one is not given, whose feature is just between
the 3-level and 5-level ones) together with the uni-
form grating coupler (whose structure is optimized in
Ref. [3]) are chosen for comparison. To simplify the
simulation, the stairs are defined just by dividing the
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height of the top silicon layer and the period of the
grating to 3 and 5 parts to form the 3- and the 5-level
blazed gratings, respectively. The schematic diagrams
and the coupling efficiency curves of the three gratings
are shown in Fig. 4. It can be clearly seen that the 5-
level stair-step blazed grating is more efficient than the
3-level and the uniform ones. The center wavelength
shift between the 3- and the 5-level blazed gratings
is induced by their little effective index difference of
the fundamental TE mode. The 5-level blazed grat-
ing also has more degrees of designing freedom, since
more related parameters can be variables. Therefore,
later simulations mainly focus on the 5-level stair-step
blazed grating coupler.

Fig. 4. Comparison of the coupling efficiencies for uni-

form grating, 3-level stair-step blazed grating (called 3-

level blazed grating for short) and 5-level stair-step blazed

grating (called 5-level blazed grating for short) couplers.

The schematic diagrams of the grating profiles are given.

The 5-level stair-step blazed grating is more efficient than

the 3-level and the uniform ones.

3.3.The etching depth

The etching depth has an obvious influence on the
effective index and on the reflection or the transmis-
sion characteristics of the grating, because the etch-
ing depth determines the ratio of silicon to air in
one period of grating, which corresponds to the ra-
tio of transmission power in the remain silicon layer
to the reflection power in the silicon and air interface.
The reflection and the transmission of the grating is
directly associated with the scattered efficiency η1.
Hence, the 5-level stair-step blazed gratings with dif-
ferent etching depths are theoretically analyzed. The
etching depth h corresponds to the deepest etching
depth of the 5-level stairs. The influence of the etch-
ing depth on R + T and on R is given in Fig. 5. It

can be seen that R as well as R + T increases with
the etching depth increasing and the rate of change
increases suddenly when the etching depths are above
280 nm. It can be explained that when the etching
depths are above 280 nm there will be no slab mode
existing in the remaining silicon layer and most of the
input optical power is reflected with little light trans-
mitted. The lowest R+T, which reveals the balance of
R and T , is obtained at the etching depth of 260 nm,
corresponding to the etching depths of 260, 200, 140,
80 nm for each stairs, respectively.

Fig. 5. The influence of etching depth on R + T and on

R. The lowest R + T, which reveals the balance of R and

T, is obtained at the etching depth of 260 nm.

3.4.The blaze angle

As mentioned before, the saw teeth like blaze
grating can greatly improve the directionality of the
grating coupler in certain diffraction order. For blazed
grating, the directionality η2 is mainly related to
the blaze angle θ as defined in Fig. 1(b). Here the
5-level stairs are assumed to have the same width
w1 = w2 = w3 = w4 = w5 = 0.2 × period = 124 nm.
The stair heights of the 5-level blaze grating increase
along the light propagation direction with the same
height difference ∆h, which has been optimized in pre-
vious section. Then θ will be directly related with the
value of ∆h. The value of blaze angles θ (discrete dis-
tribution between 21◦ and 34◦) and the corresponding
height difference ∆h are given in Table 1. The direc-
tionality of the gratings with various blaze angles are
investigated. The result is shown in Fig. 6. It can be
seen that when the blaze angle θ is around 26◦ the
directionality reaches the highest value of 80.5%. The
corresponding height difference ∆h is 60 nm.

Table 1. The blaze angles θ and the corresponding height differences ∆h.

θ/(◦) 21 22 23 24 25 26 27 28 29 30 31 32 33 34

∆h/nm 48 50 53 55 58 60 63 66 69 72 75 77 83 84
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Fig. 6. The influence of blaze angle θ (discrete distribu-

tion between 21◦ and 34◦) and the corresponding height

difference ∆h on the grating coupler directionality. The di-

rectionality reaches the highest value of 80.5% at θ around

26◦, corresponding to the height difference ∆h of 60 nm.

3.5.The width profile

By changing the widths of the stairs (w1, w2, w3,
w4, w5 as schematically shown in Fig. 1(b)), the effec-
tive index profile can be shaped too and then the cou-
pling between the grating and the single mode fiber
can be further optimized. Three kinds of stair-step
blazed grating couplers with different width profiles
are investigated. The width profiles and the result are
shown in Fig. 7.

Fig. 7. The coupling spectrum of 5-level stair-step blazed

grating couplers for three kinds of width profiles utilizing

the previously optimized structure. The different width

profiles are also shown in the figure.

These three blazed gratings have utilized the pre-
viously optimized structure. In width profile 1, the
widths of the stairs are the same, corresponding to val-
ues of (0.20, 0.20, 0.20, 0.20, 0.20) × period; in width
profile 2, the widths increase along the propagation
direction, corresponding to values of (0.10, 0.15, 0.20,
0.25, 0.30) × period; in width profile 3, the widths
decrease along the propagation direction, correspond-
ing to values of (0.30, 0.25, 0.20, 0.15, 0.10) × period.
The coupling efficiency versus the wavelength is plot-

ted in Fig. 7. It can be concluded that the blaze pro-
file with increasing stair widths along the propagation
direction (that is width profile 2) provides a higher
coupling efficiency. The variety of the stair widths
mainly influences the value and the profile of the ef-
fective index of the fundamental TE mode, which will
induce the center wavelength shift and the index con-
trast variety between the grating and the fiber, the lat-
ter consequently influence the Gaussian mode overlay
between them. Finally, a coupling efficiency of 66.7%
at 1595 nm and a 1 dB bandwidth of 41 nm are ob-
tained as shown in Fig. 7.

4. Conclusion

In conclusion, different kinds of stair-step blazed
grating couplers can find applications in many fields
and the forward profile blazed grating, whose reflec-
tion around the center wavelength is relatively low,
gives high coupling efficiency. The 5-level stair-step
blazed grating can provide high directionality with
certain blaze angle. The variation of height and width
of the 5-level stairs would influence the refection of the
grating and reshape the effective index profile in one
period. The coupling efficiency can be optimized. As
the simulation indicates, a high coupling efficiency of
66.7% at 1595 nm with a 1 dB bandwidth of 41 nm
for L band optical communication can be obtained.
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