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We demonstrate a fully etched, continuously apodized fiber-to-chip surface grating coupler for the first time (to our
knowledge). The device is fabricated in a single-etch step and operates with TM-polarized light, achieving a cou-
pling efficiency of 3:7 dB and a 3 dB bandwidth of 60 nm. A subwavelength microstructure is employed to generate
an effective medium engineered to vary the strength of the grating and thereby maximize coupling efficiency, while
mitigating backreflections at the same time. Minimum feature size is 100 nm for compatibility with deep-UV 193 nm
lithography. © 2010 Optical Society of America
OCIS codes: 130.0130, 050.2770, 050.6624.

Owing to their compact size and tight light confinement,
silicon-wire waveguides provide a very attractive plat-
form for the integration and miniaturization of photonic
devices [1], such as wavelength demultiplexers [2,3], fil-
ters [4], and evanescent field sensors [5,6], to cite but a
few. While the former are often operated with TE polar-
ization, the latter exploit the strong evanescent field of
the TM polarization state to maximize sensitivity. In
either case, efficient coupling of light from an optical fi-
ber to (and from) the microphotonic chip is challenging
because of the small size of the silicon waveguide core
(∼250 nm × 450 nm). Surface grating couplers are a pro-
mising fiber–chip coupling solution [7,8]. They operate
by laterally expanding the light propagating in the wave-
guide by means of an adiabatic taper, along with diffrac-
tion coupling it to (or from) an optical fiber positioned
over the grating [see Fig. 1(a)]. To achieve good coupling
efficiency, the grating must exhibit a high directionality
toward the fiber, and the radiated field should match the
near-Gaussian field of the optical fiber mode. It appears
that directionalities well above 60% can be achieved only
with specialized layer structures [8–10] that, however, re-
quire a complex fabrication sequence to implement. To
control their strength, gratings are usually defined in a
second, shallow etch depth [8]. For full optimization of
the field overlap, the grating has to apodized, and, to this
end, use of the etch lag effect in the shallow etch has
been recently shown [11]. However, the ideal fabrication
process would use a single full etch through the silicon to
the buried oxide (BOX) to define both the waveguides
and the grating couplers.
In [12], we proposed, for the first time (to our knowl-

edge), the use of a grating formed by alternating effective
medium regions with regions of unpatterned silicon, as in
Fig. 1(a). The effective medium is created by fully etched
structures with feature size and periodicity smaller
than the operating wavelength. This enables single-etch
fabrication of gratings with the appropriate strength and
simultaneous apodization to optimally match the ra-

diated field to the fiber mode. Simulations predict that
an improvement of up to 1:2 dB in coupling efficiency
and substantial reduction in backreflections can be
achieved with apodized designs.

Two implementations of this concept have appeared so
far in literature [13,14], using circular nanoholes to create
the effective medium. However, both designs are uniform
(nonapodized) and operate with TE-polarized light.

Building upon our previous theoretical study [12], here
we experimentally demonstrate a continuously apodized,
fully etched grating coupler. Furthermore, the design
operates for TM polarization and has feature sizes com-
patible with deep-UV (DUV) lithography. This work

Fig. 1. (Color online) (a) Schematic drawing of the fiber-
to-waveguide coupling scheme using a grating coupler. (b)
Scanning electron microscope image of the fabricated
coupler. (c) Enlargement of the boxed area in (b).
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complements our recent experimental demonstrations of
refractive index engineering using subwavelength nano-
structures in fiber–chip edge couplers and optical multi-
plexers [15].
A continuously apodized grating coupler was designed

and fabricated using a 0.26-μm-thick silicon layer with a
2-μm-thick BOX and air cladding. An unapodized design
was also included as a reference. As detailed in [12], the
design of the grating is based upon two two-dimensional
(2D) models. First, the subwavelength structure is mod-
eled as a multilayer slab waveguide in the xz plane. The
effective index of the fundamental mode of this slab gives
the equivalent medium index, which can be tuned by
varying its duty cycle in a wide range of 3.22 to 2.16
for a minimum feature size of 100 nm. Second, the
equivalent medium index is used in a 2D model of the
grating coupler in the yz plane. Using 2D finite-difference
time-domain (FDTD) simulations, the grating is then op-
timized to produce maximum coupling to the fiber situ-
ated above the grating. In [12], we verified this design
approach with three-dimensional (3D) FDTD simula-
tions, and the results presented in this Letter confirm
the validity of this approach experimentally.
The pitch of the subwavelength structure was set to

Λx ¼ 450 nm, which yields a minimum feature size of
100 nm compatible with 193 nm DUV lithography. We
verified with 3D FDTD simulations that this pitch still ef-
fectively suppresses diffraction effects in the lateral (x)
direction.
For the reference (unapodized) grating, the equivalent

medium is required to have an effective index of 2.73,
which is achieved with a duty cycle of 59% in the sub-
wavelength structure. This yields a minimum feature
184 nm, which can be readily fabricated with DUV litho-
graphy. In the longitudinal (z) direction, the pitch was ad-
justed to Λz ¼ 0:84 μm to produce a radiation angle of
∼12° with respect to the grating normal. The duty cycle
in the z direction is 70% silicon to effective medium,
and the coupler consists of 17 periods arrayed along
the longitudinal (z) direction, comprising alternating lines
of silicon and the subwavelength structures Fig. 1(b). As
shown in Fig. 2, simulations predict a maximum coupling
efficiency of 4 dB for this design,with a 3 dBbandwidth of
∼60 nm (∼35 nm at 1 dB) and a backreflection of ∼1%.

Unlike in the reference grating, in our continuously
apodized coupler, the equivalent medium index was var-
ied linearly from 3.22 to 2.16 from the grating junction
with the lateral taper to the end of the grating. These ef-
fective indices apodize the strength of the grating to pro-
duce a near-Gaussian radiated field (see inset of Fig. 2).
The minimum feature size required to synthesize these
equivalent medium indices with aΛx ¼ 450 nm subwave-
length grating pitch is 100 nm, for compatibility with
DUV lithography. The pitch in the longitudinal (z) direc-
tion was varied along the grating, so that all grating
periods contribute light to the radiated beam with the
correct phase [11,12]. The total length of the coupler is
20 μm, and a 50% duty cycle is used in the z direction.
As shown in Fig. 2, coupling efficiency is improved to
∼2:8 dB, with a 3 dB bandwidth of 64 nm (∼35 nm at
1 dB). Furthermore, since the change in refractive index
between the waveguide and the grating coupler is re-
duced, backreflections are reduced tenfold down
to ∼0:1%.

For testing, identical grating couplers were arranged in
a back-to-back configuration so as to couple light from the
fiber into thewaveguidewith one of themand extracting it
with the other. In fabrication, the grating couplers and
waveguides were defined in a single patterning step by

Fig. 2. (Color online) Simulated coupling efficiency as a func-
tion of wavelength for the unapodized and the apodized design.
The inset compares the fiber mode with the field radiated by the
unapodized and apodized grating.

Fig. 3. (Color online) Measured coupling efficiency of (a) the
unapodized grating coupler and (b) the apodized grating cou-
pler. The best and worst gratings from two chips are shown,
indicating a good repeatability.
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electron-beam lithography with a high-contrast hydrogen
silsesquioxane resist, which forms SiO2 upon electron-
beam exposure. Inductively coupled plasma reactive
ion etching was used to transfer the resist pattern into
the silicon layer. Scanning electron microscope images
of the fabricated structure are shown in Figs. 1(b) and
1(c), indicating a very good definition of the square holes.
The measurement of the grating couplers was carried

out by positioning fibers above them and recording the
insertion loss as a function of wavelength. The coupling
efficiency was determined from the insertion loss of two
back-to-back connected couplers, subtracting the loss
of the Si-wire interconnecting waveguide. The length
of these waveguides was 3:7 mm, with measured losses
of 3:2 dB=cm. The slight reflections from the fiber facets
introduce a Fabry–Perot ripple of 0:1 dB in the transmis-
sion spectrum, which means that backreflections from
the gratings smaller than 0.8% cannot be detected.
The experimental results for the uniform and the apo-

dized gratings are shown in Fig. 3. The best uniform grat-
ing achieves a coupling efficiency of 4 dB [see Fig. 3(a)],
which is in excellent agreement with simulations. A series
of gratings from two different chips were tested, the
worst showing a coupling efficiency of 4:5 dB, which
indicates a good repeatability of the structure. From
the small (0:2 dB) Fabry–Perot ripple in the coupling
spectrum [(see inset in Fig. 3(a)], the grating reflectivity
was estimated to be ∼1:5%. The 3 dB bandwidth of the
grating is 65 nm (40 nm at 1 dB). As shown in Fig. 3(b),
the apodized grating shows a peak coupling efficiency
of∼3:7 dB. This is an∼0:3 dB improvement with respect
to the unapodized design, which is, however, smaller than
predicted by simulation. This is attributed to variations in
the fabrication process, because the duty cycle and the
pitch of each individual period have to be matched pre-
cisely for all the grating elements to contribute to the total
light beam with the proper phase. The worst grating exhi-
bits a coupling efficiency of 4:3 dB, also indicating good
reproducibility. The Fabry–Perot ripple is improved with
respect to the uniform grating to below 0:15 dB. This cor-
responds to a reflectivity below 1%, most of which is at-
tributed to the fiber facets. The 3 dB bandwidth of the
apodized grating is 60 nm (38 nm at 1 dB).
We have demonstrated a first continuously apodized ef-

fective medium based fiber–chip grating surface coupler
for TM polarization. Using a comparatively simple layer
structure and a single etch step, a coupling efficiency
of 3:7 dB is achieved with a 3 dB bandwidth of 60 nm.
The coupler has a minimum feature size of 100 nm

(184 nm for the unapodized design) and can thus be
fabricated with DUV lithography. While the concepts of
effective material engineering shown here are of wide ap-
plicability, these results are of particular importance for
evanescent field biosensing applications, which require
efficient and robust couplers for TM polarization, where
sensitivity is maximized [5,6].
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