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We investigate the waveguide dispersion of subwavelength structures, and propose that the waveguide dispersion
can be reduced by reducing the period of subwavelength structures. A 3 dB bandwidth increment of 20% has been
observed by introducing this concept into previously demonstrated grating couplers. To fully exploit the bandwidth
merits of the structures, gratings with interleaved subwavelength structures were designed and fabricated. Two
typical types of interleaving geometries have been investigated. Both demonstrated a 1 dB bandwidth ∼70 nm, a
3 dB bandwidth ∼117 nm, and a peak efficiency ∼ − 5.1 dB at 1570 nm for transverse-electric polarized light.
The simulation confirms that the dispersion engineering adds an extra 12 nm to the 1 dB bandwidth. © 2013
Optical Society of America
OCIS codes: (050.6624) Subwavelength structures; (050.2770) Gratings; (130.3120) Integrated optics devices.
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The past decade has witnessed a rapid development of
silicon photonics [1,2]. One of the intrinsic obstacles that
remains is the low fiber-to-chip coupling efficiency. This
issue stems from the high index contrast between silicon
and its cladding materials (air, silicon dioxide, etc.). High
index contrast enables compact photonic devices, but
the traditional method of coupling light into and out of
these devices through fiber butt coupling is inefficient.
This technique suffers from high losses induced by both
the large mode area mismatch and the large effective
index mismatch between the conventional single mode
fiber (SMF) and the silicon strip waveguides with submi-
cron cross sections. One of the promising solutions for
achieving efficient coupling is through using grating cou-
plers [3–11]. Grating couplers have demonstrated impres-
sive performance features, especially the feasibility of
achieving inline testing capability, which distinguishes
it from edge coupling solutions. However, compared to
the wideband operation of over several hundred nano-
meters offered by other competitive coupling solutions,
such as inverse tapers [4,12–15], grating couplers suffer
from poor bandwidth of tens of nanometers. Generally,
the 1 dB bandwidth of a grating coupler can be estimated
by the following equation [5]:

Δλ1 dB � η1 dB

���� −nc cos θ
1
ΛG

−

dneff �λ�
dλ

����: (1)

Here, ΛG is the period of the grating. nc is the refractive
index of the top cladding, θ is the coupling angle, and
η1 dB is a fiber related constant. The waveguide
dispersion term in the denominator, �dneff�λ�∕dλ�, gener-
ally has a negative sign. The above equation indicates
that the bandwidth of a grating coupler can be improved
through increasing the grating period ΛG and/or reducing
the waveguide dispersion �dneff�λ�∕dλ�. The waveguide
dispersion can be reduced by abating the effective index
or tuning the aspect ratio of a waveguide. Reducing the

average effective index of the grating is the most effec-
tive way of altering the dispersion relation because light
becomes loosely confined as the effective index de-
creases [5], thereby rendering the waveguide boundary
less sensitive to wavelength. For conventional silicon
waveguides, the waveguide dispersion cannot be con-
trolled effectively because the refractive index of silicon
is not adjustable. Subwavelength structures provide a
way to overcome this restriction on the silicon platform.
The refractive index can be reduced by tuning the sub-
wavelength periodΛsub and the subwavelength filling fac-
tor f sub. [3–5,7,9,10]. The drawback of this approach is
that the decrease in the average effective index of the
grating decreases the index contrast between the clad-
ding materials and the grating. As a result, the incident
light would easily leak into the cladding, and higher-order
diffractions become difficult to suppress [16]. In this
Letter, we propose and experimentally verify another
possible method to suppress the waveguide dispersion
of subwavelength structures. Through combining this
method with previous approaches, such as reducing
refractive index via decreasing the subwavelength struc-
ture pitch and/or increasing the grating period, a wide-
band grating coupler has been demonstrated with an
average refractive index higher than that shown in pre-
vious publications [5].

The subwavelength structure is illustrated in the inset
of Fig. 1(a). The structure is formed by interleaving
silicon and air along the y direction with a period of
Λsub in a 250 nm thick single crystal silicon device
layer in a silicon-on-insulator wafer with an oxide thick-
ness of 3 μm and a handle wafer thickness of 650 μm.
The width of the air trenches is labeled as Wair, and
the filling factor of subwavelength structures is defined
as f sub � W air∕Λsub. The wave vector k is along the
z direction. The structure was investigated with two-
dimensional (2D) plane wave expansion (PWE), [17] and
the transverse electric (TE) fundamental modes of the
different subwavelength structures with filling factors
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ranging from 0.1 to 0.5 are plotted in Fig. 1(a) [18]. Only
the modes under the SiO2 light line, representing the
practical guided modes, were considered. The effective
index of a silicon slab waveguide (nsi � 2.9) was used in
the 2D simulation. As the air filling factor was increased
from 0.1 to 0.5, the fundamental modes were shifted to
higher frequencies. For modes with a small normalized
eigenfrequency, in which Λsub is much smaller than
the wavelength of interest, the modes are weakly con-
fined inside the silicon region. The waveguide dispersion
is small in this case because the field distribution is not
sensitive to variations in wavelength. As the normalized
eigenfrequency increases to a point that Λsub is compa-
rable to half of the wavelength inside the waveguide,
more of the field tends to be confined inside the silicon
region. A large portion of field localizes at the silicon and
air boundary, indicating that the waveguide dispersion is
high. To give an example, the effective index and wave-
guide dispersion versus wavelength when f sub � 0.1 for
Λsub � 250, 300, and 350 nm are plotted in Fig. 1(b).
When Λsub is a constant,

��dneff�λ�∕dλ�
�� decreases as

the working wavelength increases, and tends to saturate
for a wavelength larger than 2 μm. At the wavelength of
interest (λ � 1550 nm),

��dneff�λ�∕dλ
�� decreases as Λsub

decreases. For instance, when Λsub � 250 nm, the
waveguide dispersion is around −0.12∕μm, which is
about half of the value when Λsub � 350 nm
(∼ − 0.21∕μm). Figure 1(c) further confirms this trend
by showing that the waveguide dispersion of subwave-
length structures with different Λsub and f sub at 1550 nm.
For f sub between 0.15 and 0.4, the range that designs usu-
ally fall in, the waveguide dispersion decreases as the
Λsub decreases. Therefore, a small Λsub should be chosen
to reduce the waveguide dispersion. Unfortunately, to re-
lieve fabrication difficulty, usually a large Λsub is chosen,

which is close to 400 nm [5,19]. These curves also indi-
cate that the waveguide dispersion is smaller at longer
wavelengths, so grating couplers working at longer wave-
lengths could have a much larger bandwidth with the
same subwavelength structure. For design convenience,
the effective index versus filling factor relation (at
λ � 1.55 μm) when Λsub � 200 nm is extracted from
Figs. 1(a) and 1(b), and plotted in 1(c). The correspond-
ing waveguide dispersion is also plotted in the same
figure, which shows that the waveguide dispersion can
be kept less than −0.12∕μm when Λsub � 200 nm [10].

The benefits of using PWE method is that the results
are scalable [18], but the method cannot take material
dispersion into consideration, which is also an important
factor. The refractive index of bulk silicon can be ap-
proximated by the formula [20]

n2
si − 1 � 10.6684293λ2

λ2 − 0.3015164852
� 0.003043475λ2

λ2 − 1.134751152

� 1.54133408λ2

λ2 − 1104.02
: (2)

Then the material dispersion of bulk silicon can be
calculated by �dnsi∕dλ�. The material dispersion (TE)
of subwavelength structures can be calculated by differ-
entiating the zero-order approximation of effective
medium theory (EMT) over wavelength

dnTE
sub

dλ
�

�
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�
−1.5

�1 − f sub�
�
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dλ

�
: (3)

The material dispersion of subwavelength structures
with different filling factors can be calculated by substi-
tuting Eq. (2) into Eq. (3). The dash line in Fig. 1(b) shows
the material dispersion of subwavelength structures with
f sub � 0.1. The dot line in Fig. 1(c) shows the material
dispersion of subwavelength structures of different
f sub at 1.55 μm. The two curves indicate that the material
dispersion of subwavelength structure is small compared
to the waveguide dispersion of subwavelength struc-
tures. For example, the material dispersion of the subwa-
velength structure with f sub � 0.1 is 0.02 μm−1, while the
waveguide dispersion is above 0.1 μm−1. Furthermore,
according to Eq. (3), the material dispersion of the sub-
wavelength structure is independent of Λsub. Thus the
discussion still holds that reducing the Λsub can reduce
the waveguide dispersion.

To experimentally demonstrate the theoretical analy-
sis, a set of subwavelength grating couplers with the
same grating period ΛG (0.685 μm) as that in [10], grating
filling factor f G (0.5), high index (silicon, 3.476), and low
index (subwavelength structure, 2.45), but with different
subwavelength periods Λsub, were fabricated. In this Let-
ter, Λsub � 350, 300, and 250 nm were chosen, with air
trench widths of 64, 47, and 34 nm, corresponding to
f sub of 18%, 16%, and 14%, respectively, which are calcu-
lated with EMT [10]. An increase in bandwidth is
expected according to the analysis in the previous sec-
tion. The grating region is 10 μm wide and 17 μm long
to match the near field mode size of an SMF. To charac-
terize the gratings, two identical gratings were connected

Fig. 1. (a) Fundamental modes of subwavelength structure
with filling factor s of 0.1–0.5. (b) Effective index versus wave-
length (red), and waveguide dispersion versus wavelength
(blue), assuming f sub � 0.1. The black dash line is the estimated
material dispersion of subwavelength structures for f sub � 0.1.
(c) Waveguide dispersion versus the filling factor for Λsub �
200, 250, 300, and 350 nm The red dot line is the estimated
material dispersion of subwavelength structure at 1.55 μm.
(d) Effective index versus filling factor (blue), and waveguide
dispersion versus filling factor (red) for Λsub � 200 nm.
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by a 2.5 μm wide waveguide, which has negligible propa-
gation loss. The taper could excite higher-order modes,
which could make the coupling efficiency less than ex-
pectation. The gratings and the waveguide were bridged
through 500 μm long adiabatic tapers [10]. The gratings
were fabricated on silicon-on-insulator with a 250 nm
thick top silicon layer and a 3 μm thick buried oxide
layer. To fabricate structures with a minimum feature
size of 34 nm, a layer of 27 nm silicon dioxide was depos-
ited with plasma enhanced chemical vapor deposition,
which served as a hard mask. The hard mask was pat-
terned with electron beam lithography and reactive ion
etching (RIE). The pattern was transferred to the silicon
layer through another RIE process, leaving a ∼10 nm sil-
icon dioxide hard mask on top. The scanning electron
microscope (SEM) images of a fabricated grating are
shown in Fig. 2(a). Figures 2(b)–2(d) show the SEM im-
ages of subwavelength structures with different Λsub. The
gratings were tested with the setup shown in [10]. The
input and output fibers were tilted 10 degrees from nor-
mal incidence away from the waveguides. The measured
transmission spectra from the grating pairs are shown in
Fig. 3(a). The variations in peak wavelength and coupling
efficiency have been observed due to the fabrication var-
iations across a single chip and different silicon dioxide
residue thicknesses [8]. Nevertheless, the increase in
bandwidth is prominent, as summarized in Fig. 3(b), to-
gether with the result shown in [10]. The 3 dB bandwidth
increases by ∼11 nm when Λsub reduces from 388 to 250.
Specifically, Λsub � 250 nm gives a 3 dB bandwidth of
63 nm, which is ∼20% larger than the unoptimized
dispersion case presented in [10]. Theoretically, even
larger bandwidth is expected if Λsub can be shrunk
further. The improvement is also limited by the fact that
the high index regions of the gratings are still ordinary
waveguides with large waveguide dispersion.
The theoretical analysis and the experimental results

demonstrated that the waveguide dispersion can be
controlled by reducing the period of subwavelength
structures. It would be of great interest to combine this
method together with other approaches in hope of
achieving larger bandwidth. An intuitive way is interleav-
ing dispersion engineered subwavelength structures, as
shown in Fig. 4. The grating period ΛG, effective indices
of high and low index regions, and the grating filling fac-
tor f G were scanned through the open source software
CAMFR while treating the subwavelength structure as
a uniform material based on EMT. A detailed description
of the simulation procedure can be found in [10]. The op-
timized ΛG is 1.24 μm, and f G is 0.5. The refractive index

of the high index region is 2.55 and that of the low index
region is 1.75. The corresponding filling factors for the
subwavelength structures are 0.20 (40 nm) and 0.43
(86 nm), respectively, which were calculated by perform-
ing a spline fit on the effective index versus filling factor
curve in Fig. 1(c). Since both the high and the low index
regions are comprised of subwavelength structures, the
relative positions of the subwavelength trenches in the x
direction have various possibilities. In this paper, two
types of morphologies have been fabricated, as shown
in Figs. 4(b) and 4(c). One is with aligned air holes be-
tween the two sets [Fig. 4(b)], and the other is with air
holes of one set shifted by half a subwavelength period
Λsub, with respect to the other set [Fig. 4(c)]. The one
with aligned subwavelength trenches are similar as the
grating presented in [11], but the structures are with
smaller period to reduce the waveguide dispersion.
The testing structure and setup are the same as before.
Index matching oil is used to reduce reflections and to
shift the grating emission angle θ to ∼16 degrees. The gra-
ting is 13 μm wide and 17 μm long. A larger grating width
is used to accommodate the large emission angle and
reduce the alignment difficulty caused by the index
matching oil. The blue and red solid curves show the
transmission spectra of the gratings. The SEM images
of the fabricated gratings are shown in the inset of Fig. 5.
Both gratings demonstrate almost similar performance,
except that the grating with aligned air holes has slightly
higher Fabry–Perot fringes. The 1 and 3 dB bandwidths
of the two types of grating couplers are ∼70 and
∼117 nm, respectively. The peak efficiencies are

Fig. 2. (a) SEM picture of a subwavelength grating coupler.
(b)–(d) SEM pictures of subwavelength structures with
Λsub � 350, 300, and 250 nm.

Fig. 3. (a) Transmission spectra of subwavelength structures
with different Λsub, (b) bandwidth versus Λsub. The red dot is
from [10].

Fig. 4. (a) Schematic of the wideband grating coupler with in-
terleaved subwavelength structures. In this paper, two different
types of geometries were investigated. One is with aligned air
holes between the two sets, as shown in (b), and the other is
with air holes of one set shifted by half a subwavelength period
Λsub, with respect to the other set, as shown in (c).
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∼5.1 dB at 1570 nm. The dash line is the 2D finite-
difference time-domain (FDTD) simulation of the trans-
mission spectrum using EMT without considering the
dispersion engineering described in this paper. It shows
a 1 dB bandgap of 58 nm, indicating the dispersion engi-
neering described in this paper adds on an extra 12 nm to
the bandwidth. The 1 dB bandwidth is more than 2×
larger compared to subwavelength gratings demon-
strated on similar platforms [10]. Additionally, compared
to the single dispersion reduced structure results shown
in Fig. 3, there is more than a 50 nm increment in the 3 dB
bandwidth. This is the result of combining the factors
that affect the bandwidth, including (1) lowering the ef-
fective index, (2) using a longer grating period, and
(3) shrinking the period of the subwavelength structures.
However, these methods and the index matching oil re-
duce the index contrast. Therefore, the higher-order ra-
diation modes cannot be suppressed unless the grating
was apodized, thus, the coupling efficiency is compro-
mised. Further design optimization, including apodiza-
tion, is required to achieve comparable coupling
efficiency to that of higher refractive index contrast
couplers.
In conclusion, we investigated the dispersion charac-

teristics of subwavelength structures. We also proposed
and experimentally demonstrated suppression of wave-
guide dispersion by reducing the subwavelength period.
Wideband grating couplers based on interleaved
dispersion engineered subwavelength structures were

designed and fabricated. The gratings demonstrate a
coupling efficiency of ∼5.1 dB, a 1 dB bandwidth around
70 nm, and a 3 dB bandwidth around 117 nm. The results
can be extended to a longer wavelength where the
fabrication challenges are smaller.
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Fig. 5. Transmission spectra for wideband grating coupler
with aligned (blue) and shifted subwavelength structures
(shifted). Inset: fabricated wideband grating coupler with
aligned subwavelength structures (left) and shifted subwave-
length structures shifted (right). The dash line is the simulated
transmission spectrum.
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