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A broad transparency range of its constituent materials and compatibility with standard fabrication processes make germanium-on-silicon (Ge-on-Si) an excellent platform for the realization of mid-infrared photonic circuits. However, the comparatively large Ge
waveguide thickness and its moderate refractive index
contrast with the Si substrate hinder the implementation of efficient fiber-chip grating couplers. We report,
for the first time, a single-etch Ge-on-Si grating coupler with an inversely tapered access stage, operating at
3.8 µm wavelength. Optimized grating excitation yields
a coupling efficiency of −11 dB (7.9%), the highest value
reported for a mid-infrared Ge-on-Si grating coupler,
with reflectivity below −15 dB (3.2%). The large periodicity of our higher-order grating design substantially relaxes fabrication constraints. We also demonstrate that
a focusing geometry allows a ten-fold reduction in inverse taper length, from 500 µm to 50 µm. © 2016 Optical

microelectronic facilities for cost-effective production of photonic devices at large volumes. A prohibitively large buried
oxide absorption beyond 4 µm restricts the implementation of
silicon-on-insulator (SOI) platform in the MIR region [7]. Various solutions have been proposed to overcome this limitation,
including partial [8] or complete [7, 9] removal of the buried
oxide, or the use of different substrates with wider transparency
ranges, e.g. sapphire [10, 11] and silicon nitride [12]. Alternatively, a promising approach is the use of a germanium guiding
layer on a silicon substrate. The germanium-on-silicon (Ge-onSi) platform potentially offers many practical benefits for MIR
photonic applications, including the wide transparency range of
constituent materials as well as the compatibility with standard
fabrication processes.
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OCIS codes: (130.3120) Integrated optics devices; (130.3060) Infrared; (050.1950) Diffraction gratings.

Fig. 1. Scanning electron microscope (SEM) image of the fabri-
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cated focusing grating coupler with an inverse taper excitation
stage.

The demonstration of compact and efficient quantum cascade
[1] and interband cascade [2] lasers with high output powers
in the mid-infrared (MIR) wavelength range (3 µm - 20 µm) has
opened new opportunities for the development of integrated
photonic devices with substantially extended wavelength range.
High performance MIR photonic circuits are considered essential for many applications, including environmental monitoring
[3], medical diagnostics [4], or free-space communications [5],
to name a few. The potential impact of such applications has
fueled the pursuit of suitable MIR photonic platforms in recent
years [6]. In this context, group-IV materials such as silicon and
germanium hold the unique potential to leverage the mature

Since the first experimental demonstration of MIR Ge-on-Si
waveguides in 2012 [13], several devices have been reported
with steady progress in performance. These include low-loss
waveguides and splitters [14], wavelength demultiplexers [15–
17], thermo-optical phase shifters [18] and all-optical modulators
[19, 20]. However, little attention has been dedicated to the development of suitable optical interfaces for Ge-on-Si technology,
namely edge couplers and surface grating couplers. The difficulty of developing efficient Ge-on-Si edge couplers is two-fold.
First, the current lack of MIR lensed fibers limits the performance
of edge couplers [21]. Second, the preparation of high-quality
facets in the Ge-on-Si platform is challenging [14]. Hence, the
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realization of grating-coupled optical ports that can directly interface cleaved optical fibers appears an optimal solution [14].
Grating couplers developed for the near-infrared applications
have shown high coupling efficiencies [22? ] and low reflectivities [23, 24], with low Fabry-Pérot ripples [25]. The low reflectivity is particularly important for spectroscopic applications
where absorption features with a bandwidth of a few hundreds
MHz need to be precisely resolved [26].
Ge-on-Si waveguides entail significant challenges for the implementation of fiber-chip grating couplers. Specifically, the
moderate index contrast between the Ge waveguide and the
Si substrate (∆n ∼ 0.6) substantially limits the directionality
and strength of the couplers. Furthermore, Ge-on-Si circuits
use thick, typically 2 − 3 µm, Ge rib waveguides with low propagation loss [14]. Ge-on-Si waveguides have a comparatively
large refractive index that results in strong back-reflections at the
waveguide-to-grating interface. In addition, general guidelines
to design first-order diffraction gratings cannot be directly transferred from the NIR to the MIR spectral range. The diffraction
period of NIR grating couplers is typically chosen small enough
to avoid higher diffraction orders [27]. However, this condition
along with the deep etch required for small bending radii [17]
can result in high aspect ratios for the MIR grating couplers
(defined as the ratio between the etch depth and the width of
the grating trench), that are difficult to fabricate.
In this letter we report, for the first time, the realization of
single-etch step Ge-on-Si grating couplers with an inverse taper excitation, operating near 3.8 µm wavelength. The inverse
taper excitation stage advantageously maximizes the matching
between the profiles of the grating mode and the excitation
field, with a five-fold reflectivity reduction compared to the conventional taper. The grating is designed to operate in second
diffraction order (k = −2) under single-order radiation condition, substantially relaxing the aspect ratio requirements and
facilitating device fabrication. We also demonstrate that a focusing geometry (see Fig. 1) allows ten-fold reduction in inverse
taper length, specifically from 500 µm to only 50 µm.
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Fig. 2. Grating coupler schematic: excitation stage with (a)

conventional taper and (b) inverse taper.
Figure 2 shows the grating coupler schematics. The grating
period Λ, is defined as the sum of the trench L Tr and tooth
LGe lengths, with a duty cycle defined as DC = LGe /Λ. For
compatibility with previously developed functional blocks [17],
we chose Ge waveguide thickness t Ge = 2 µm and etch depth
tEcth = 1.35 µm. This way, the complete photonic circuit can be
fabricated using a single-etch process. The grating coupler is
interfaced by a cleaved fluoride MIR optical fiber that provides
low propagation and bending loss. The optical fiber has a mode
field diameter of ∼ 16 µm. A grating width of 26.1 µm, provides
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an overlap of ∼ 99 % between the lateral (x-axis) profile of the
transverse electrical (TE) fundamental mode of the waveguide
and the optical fiber mode. Following the approach proposed
in [24], we analyze two vertical (y-z plane) 2-D grating models,
one comprising an access waveguide of thickness t A = 2 µm for
a conventional taper excitation stage (see Fig.2(a)) and one with
optimized access waveguide thickness of t A = tGe − tEtch =
650 nm, for an inverse taper design (see Fig.2(b)).
Grating coupler diffraction is governed by the phase matching condition:
kλ
nuc sin (θk ) = n B +
,
(1)
Λ
where λ is the wavelength, k is the diffraction order, n B is the
effective index of the Bloch-Floquet mode in the grating region,
θk is the radiation angle measured from the surface normal,
and nuc is the refractive index of the upper cladding, here air
(nuc = 1). Diffraction orders that meet the radiation condition
|sin(θk )| 6 1 (i.e. yield a real value of θk ) are of primary importance for fiber-chip coupling [27]. Multiple diffraction orders
propagating at different angles would result in poor coupling
efficiency. Taking into account that the effective index of the
Bloch-Floquet mode is larger than the refractive index of the
superstrate (n B > nuc = 1), it can be shown that only negative
diffraction orders can be radiated out of the coupling structure.
Hence, conventional grating designs yield single-beam radiation
by choosing a period small enough to ensure that only the first
diffraction order (k = −1) meets the radiation condition. It can
be derived from Eq. (1) that single-beam radiation condition
can be achieved for any (negative) diffraction order k given that
n B > −knuc . This way, Ge-on-Si gratings can benefit from its
high effective index to yield single-beam radiation for higher
diffraction orders. Such designs exhibit comparatively larger
periods that relax aforementioned fabrication constraints. To
illustrate this behavior, in Fig. 3(a) we show the radiation angle
θk , calculated from Eq. (1), as a function of the grating period
for different diffraction orders (k = −1; k = −2 and k = −3).
Here, we set a duty cycle of DC = 0.5 and approximate the
Bloch-Floquet mode index by the average of the indices in the
etched and un-etched grating regions [28], obtaining a value of
n B ∼ 3.8. Three regions can be distinguished (shadowed regions
in Fig. 3(a)). Within these regions, only one order meets the
radiation condition (yields a radiation angle with a real value),
thus ensuring single-beam radiation. The first window, with the
shortest period (around 1 µm), corresponds to the conventional
first-order (k = −1) diffraction regime, whilst the other two
correspond to higher order (k = −2 and k = −3) operation. This
way, a grating coupler with a radiation angle of θ ∼ 15◦ would
require L Tr = 550 nm and tEtch = 1.35 µm for k = −1, compared
to L Tr = 1.1 µm and tEtch = 1.35 µm for k = −2. Indeed, our 2nd
order design significantly relaxes the aspect ratio requirements
and eases the manufacturing, releasing new degrees of freedom
in device optimization.
The coupler performance in terms of the directionality, the
reflectivity and the overall coupling efficiency are analyzed by
using a 2-D Fourier expansion simulator [29]. Here, the fundamental TE mode of the access waveguide is used as an excitation
stage. Figure 3(b) shows calculated reflectivity as a function of
the grating period for conventional and inverse taper excitation
stages. When the conventional taper is used for grating excitation (blue line in Fig. 3(b)), we predict a reflectivity exceeding
25 %, even for radiation angles far from the Bragg condition.
This high reflectivity arises from the mismatch between the fundamental mode of the 2 µm thick access waveguide and that of
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Fig. 3. (a) Radiation angle in Eq. (1) as a function of the

grating period for different diffraction orders, considering
n B ∼ 3.8. Calculated (b) back-reflections and (c) directionality
and field overlap with the fundamental mode of the fiber as a
function of the grating period, for a coupler with DC = 0.5.

the grating region. When the inverse coupler excitation stage
is used (i.e. the same thickness for access waveguide as for
the etched grating region) matching with the grating mode is
maximized [24] and back-reflections are reduced to less than
0.5 % (red line in Fig. 3(b)). An additional advantage of this
approach is that both the grating region and the interconnecting
waveguides can be defined in the same fabrication step, easing
the fabrication process.
In Fig. 3(c), we compare grating directionality (Γ), defined
as the ratio between power radiated upwards and the total radiated power (in upwards and downwards directions), as a
function of the grating period for the conventional and inverse
taper excitations. The inverse taper design exhibits a substantial
directionality improvement, e.g. from Γ ∼ 30% to Γ ∼ 60%
for Λ = 1.75 µm. In Fig. 3(c) we plot calculated field overlap
with the fundamental mode of the fiber as a function of the
grating period. Due to a reduced radiation strength, the high
directionality design (Λ = 1.75 µm) yields a field overlap of only
25.5%, resulting in a coupling efficiency of 15%. Conversely,
the coupler design with a period of Λ = 2.2 µm exhibits a moderate directionality (Γ ∼ 20%) with improved field overlap of
51%, resulting in a coupling efficiency to the fiber of 11.5%. Although being out of the scope of this work, which targets the
first demonstration the inverse-taper-based Ge-on-Si coupler, it
is worth mentioning that the directionality can be further improved with a bottom mirror to harvest the power radiated to
the substrate [22].
The design of the inverse taper that connects the single-mode
rib waveguide (of WIni = 2.1 µm width) to the grating region
includes the optimization of the taper tip (WTip ) and the length
(L T ), schematically shown in Fig. 2(b). We define the optimum
excitation field as that having a distribution along the y-axis that
minimizes the reflectivity, and a profile along the x-axis that
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maximizes overlap with the Gaussian-like mode of the optical
fiber [30]. In Fig. 4, we show calculated field overlap between the
mode at the taper tip and the optimum excitation field. We chose
a value of WTip = 450 nm, compatible with the minimum feature
size of our fabrication process, that yields large field overlap
of 95 %. As shown in the inset of Fig. 4, rib width reduction
confines the field in the lower slab and expands it in the lateral
direction. As a result of this vertical and lateral field distribution
transformation, the inverse taper requires a length of > 500 µm
the and insertion loss of 6 0.2 dB. However, this comparatively
long taper implies an increased interaction of the field with
side-wall roughness of the rib section and the dislocations close
to the Ge-to-Si boundary, resulting in potentially large taper
propagation loss. This issue can be alleviated by reducing the
taper length using a focusing grating geometry [31, 32]. In this
case, grating lines are arranged along confocal ellipses with a
focal point at the end of the interconnection waveguide, thereby
enabling taper lengths of only a few tens of micrometers.
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Fig. 4. Field overlap between optimum excitation field and

fundamental mode at the taper tip as a function of the tip
width (WTip ). Inset: profile of fundamental TE-polarized mode
for WTip = 450 nm.
To experimentally evaluate these different grating geometries,
we have fabricated nominally identical grating couplers with
three different excitation stages, namely conventional, inverse
and inverse-focusing tapers. Note that the high directionality
design (Λ = 1.75 µm) exhibits an impractical radiation angle
of θ−2 = −41◦ . Hence, we chose a moderate directionality
design with Λ = 2.2 µm that yields a radiation angle of θ−2 =
15◦ with comparable coupling efficiency. Conventional tapers
have an end-width of WEnd = 26.1 µm and a length of L T =
500 µm. Inverse tapers have an tip width of WTip = 450 nm
and a length of L T = 500 µm. The focusing geometry (with
initial and final grating widths of 20 µm and 40 µm respectively)
substantially reduces the inverse taper length to L T = 50 µm,
for the same tip width of WTip = 450 nm. The devices were
fabricated on Ge-on-Si wafer with a 2 µm thick Ge layer. Electronbeam lithography was used to pattern a ZEP-520A positive resist,
followed by ICP dry etching (with SF6 and C4 F8 gases) to define
the structures. Figure 1 shows scanning electron microscope
images of the fabricated inverse taper with the focusing grating.
To characterize the fiber-chip coupling efficiency, input and
output grating couplers were connected in a back-to-back configuration. Measured coupling efficiency is shown in Fig. 5
for the three excitation stages. From the 20 nm red-shift in the
peak efficiency, we estimated a 100 nm shallower etching of the
grating teeth. This produced a reflectivity reduction for the
conventional taper and a detrimental sub-optimal inverse taper
excitation. Still, the couplers with inverse taper and inversefocusing geometry exhibit a five-fold reflectivity improvement
compared to the conventional taper (∼ 1 dB Fabry-Pérot ripple),
yielding a reflectivity below −15 dB (< 0.2 dB Fabry-Pérot ripple). Nevertheless, the narrow width and comparatively large
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length for nominally identical grating couplers with conventional, inverse taper and inverse-focusing excitation stages.
length of the inverse taper makes it more sensitive to small width
variations that affect the distribution of the grating excitation
field. This, together with the longer interaction with side-wall
roughness and defects in the Ge-to-Si boundary compromise
the efficiency of the inverse tapered coupler. Our 50 µm long
inverse-focusing grating coupler overcomes these limitations
providing a ∼ 1.5 dB improvement compared to the inverse
taper coupler and a ∼ 2.5 dB improvement compared to the conventional taper to yield a coupling efficiency of −11 dB (7.9%),
with a 1 dB bandwidth of 70 nm.
In conclusion, we reported the design and experimental characterization of surface grating couplers implemented in 2 µm
thick Ge-on-Si waveguides for the MIR wavelength range near
3.8 µm. Our calculations showed that inverse taper excitation
can substantially improve grating directionality from 30% to
60%. By exploiting the inverse taper concept, we substantially
reduced the measured grating reflectivity (< −15 dB) while at
the same time using single-etch fabrication of the interconnecting waveguides and the coupler. We demonstrated, for the first
time, the advantageous combination of short (50 µm long) inverse taper and focusing grating geometry, yielding a fiber-chip
coupling efficiency of −11 dB (7.9%), which is to the best of our
knowledge, the highest coupling efficiency yet experimentally
demonstrated for a Ge-on-Si grating coupler in the MIR. The
coupling efficiency could be further increased by using a bottom mirror [22]. We also provided comprehensive guidelines
for the design of higher-order gratings with relaxed fabrication
constraints. This work represents an important step towards the
realization of high-performance surface grating couplers for the
MIR Ge-on-Si photonic platform.
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