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An out-of-plane silicon grating coupler capable of mode-order conversion at the chip—fiber interface is designed
and fabricated. Optimization of the structure is performed through finite-difference time-domain simulations,
and the final device is characterized through far-field profile and transmission measurements. A coupling loss of
3.1 dB to a commercial two-mode fiber is measured for a single TE; — LP;; mode conversion grating, which
includes a conversion penalty of 1.3 dB. Far-field patterns of the excited LP;; mode profile are also reported.
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1. INTRODUCTION

The increasing demand for capacity in modern networks has
brought space-division multiplexing (SDM) to the forefront
of current research on optical communications [1,2]. Among
the different implementations of SDM, the use of multi-mode
fibers has emerged as a highly attractive solution to augment the
amount of information carried by a single fiber by means of
allocating distinct data streams to different modes [3]. In
the meantime, silicon photonics is widely used in communica-
tions applications, offering a cost-effective route to the imple-
mentation of high-performance integrated devices. The
introduction of two basic building blocks is essential in appli-
cations that require the combination of silicon photonics with
few-mode fiber (FMF) technology: an efficient FMF-to-silicon-
on-insulator (SOI) interface and an integrated mode multi-
plexer. Of these, FMF-to-SOI interfaces can be realized by
means of an appropriately large grating coupler as shown in
Refs. [4,5]. Mode multiplexing on a purely integrated level
has also been reported through either the use of multimode
waveguides [6—8] or a technique that transfers part of the mode
conversion operation to the waveguide-fiber interface using
electro-optic phase shifters and multiple small-scale gratings ap-
propriately positioned to illuminate different spots of the com-
paratively larger FMF cross section and thus excite higher-order
linearly polarized (LP) modes [9-12].

Mode-order conversion represents the fundamental func-
tionality required for such mode multiplexers. In this paper,
we report the design and characterization of the first, to our
knowledge, fabricated grating coupler capable of converting
the TE, waveguide mode to the LP;; mode of a two-mode
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fiber solely owing to its pattern design, with no additional phase
shifter components [13]. This design approach implements the
mode conversion functionality entirely at the FMF-to-SOI
coupling stage and focuses on optimizing the efficiency of
the conversion process as well as the coupling efficiency. A sim-
ilar design route was discussed through simulations in Ref. [14],
though no experimental verification was presented. For the
grating pattern described in this paper, the design strategy
and simulation results are first presented, with a discussion
on the coupling efficiency and the conversion penalty. We then
discuss the experimental results obtained by characterizing the

fabricated SOI devices.

2. DESIGN AND SIMULATION

The operation of out-of-plane grating couplers (GCs) relies on
phase matching between the waves propagating in the wave-
guide and those propagating in the coupled fiber (Fig. 1).
The couplers comprise an array of individual scatterers arranged
in a way to ensure that the phase characteristics of an in-plane
wave are modified to produce an out-scattered wave propagat-
ing at an angle. The scatterer distribution on the chip plane
is determined by the phase-matching condition, which is
described by the equation ¢mode,waveguide(x’ Z) = ¢mode,ﬁber

(X, z)’ WhCl‘C ¢m0de,ﬁber(x’ Z) and ¢m0de,waveguide(x’ Z) express
the spatial phase distributions of the fiber mode and the in-

plane mode propagating along the grating part of the wave-
guide, respectively, for the area spanning the surface of the
silicon chip (the x - z plane in Fig. 1). A structure that incor-
porates an additional mode-order conversion operation satisfies
the same principle, with the phase functions corresponding to
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Fig. 1. 3D concept of the grating-fiber interface for (a) a regular
grating pattern and (b) a mode-converting grating pattern (dimensions
not to scale). Insets: top view of the gratings.

those of the desired waveguide—fiber mode pair. Hence, con-
verters to any higher-order fiber mode can be designed follow-
ing this principle [14,15]. In the specific case of a TE, — LPy;
mode conversion, the solution to this equation is described by
the pattern illustrated in Fig. 1(b), where the grooves on one
side of the grating are offset with respect to the other side by a
half-cycle of their spatial frequency. This effectively creates a
phase difference along the x direction of the mode profile,
which matches the phase function of an LP;; fiber mode.
(Note that this discussion also applies to the reciprocal
operation, i.e., the coupling of a certain fiber mode to a
waveguide mode.)

Besides matching the phase profile of the LP;; mode, the
out-scattered light must also match its Gaussian intensity pro-
file to achieve a high coupling efficiency. Therefore, the design
of the grating coupler described in this paper comprises two
distinct steps: (i) grating apodization to optimize the wave-
guide-fiber coupling efficiency (intensity profile matching)
and (ii) offset positioning of the grating teeth to convert the
mode order (phase profile matching).

A. Apodization Technique

The first step in our design involved the optimization of a regu-
lar grating pattern (TEg«>LPy;) in terms of its coupling effi-
ciency to an optical fiber. To achieve this, the 2D structure
illustrated in Fig. 2(a) was simulated with the finite-difference
time-domain (FDTD) method using the FDTD Solutions soft-
ware by Lumerical Inc. This structure represents part of the side
view (y - z plane) of a grating coupler with 22 grooves written
on a 220-nm-thick silicon wafer, which was selected to enable
guiding of TE modes at 1550 nm and was designed to match
the wafers available for fabrication. The surroundings of the
silicon layer were also included in the simulation, namely, a
2-pm-thick buried oxide (BOX) layer and a 720-nm-thick clad-
ding, both made of SiO,, as well as the silicon substrate under-
neath the BOX layer. To evaluate the coupling efficiency of the
simulated grating, a Gaussian beam input was used to represent
an optical fiber mode incident on the structure. Its waist
was selected to be 20 pm, which corresponded to the mode
field diameter (MFD) of a commercial two-mode fiber, and
it was launched at a 14.5° angle to the grating to ensure
unidirectional propagation in the waveguide. The power
coupled into the chip was then monitored after 10 pm of
propagation along the waveguide at its cross section on the
x - y plane.
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Fig. 2. (a) Side view of the first four grooves of an apodized grating
(810, layer thicknesses not to scale), (b) contour plot of the maximum
coupling efficiency with respect to the etching depth and the linear
apodization factor R.

As illustrated in Fig. 2(a), the periodicity in the groove pat-
tern of the grating was set to vary along its length in order to
improve the coupling efficiency to/from an optical fiber. This is
because a uniform pattern with identical teeth across its length
introduces high coupling loss as a result of the low overlap be-
tween the fiber mode and the grating mode. Hence, in order to
achieve high coupling efficiency, we have applied a linear apod-
ization to the filling factor and the period of the grating grooves
[Fig. 2(a)] as described in Ref. [16]. This enables the grating to
optimally couple to/from Gaussian-shaped fiber mode profiles
as well as to maintain its directionality across all scatterers. The
filling factor for each radiative unit of length A; is defined as the
ratio of the length of the unetched part L, ; over the groove
period A;, and its linear apodization is described by the
equation

F=F,-R-z (1)

where F is the filling factor at an arbitrary position z, F is the
filling factor used in the first groove, and R expresses the linear
apodization factor. For the aforementioned structure parame-
ters as well as the Gaussian beam input, a campaign of 2D
FDTD simulations was run on the y - z plane by sweeping
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the apodization factor and etching depth, resulting in the con-
tour plot shown in Fig. 2(b). The results indicated an optimum
coupling efficiency of 68% for an apodization factor of
0.020 pm™! and an etching depth of 110 nm. To evaluate
the improvement offered by the apodization technique, a uni-
form grating was simulated in the same environment, and its
maximum achievable coupling efficiency was calculated to be
57%, which suggests a gain of 0.76 dB through the use of apod-
ization. The contour plot also shows the robustness of the
apodization design, indicating that the efficiency does not
change by more than 4% for etching depth and apodization
factor margins of £10 nm and +0.005 pm™!, respectively.

B. Groove Positioning for Mode-Order Conversion

Next, based on the optimum configuration for apodization and
etching depth, we created a 3D model of the grating coupler
that had a width of 20 pm for the purpose of spot size matching
and on which we additionally introduced the offset in the
groove positioning to realize the mode conversion operation.
Therefore, the pattern produced by optimizing the apodization
in Section 2.A above was used in one part of the grating [the
right-hand side (RHS) in Fig. 3(a)], while the second part con-
sisted of scatterers positioned at an appropriate offset relative to
the first part [left-hand side (LHS) in Fig. 3(a)]. This offset was
calculated individually for each radiative unit of the apodized
structure and corresponded to half of its period, since it was
required to introduce a 7z phase delay to the radiated electric
field. Bragg’s law can be recalled in order to justify the value
of this offset. In a grating coupler radiating at an angle
(Fig. 3(b)], the phase delay ¢;, pjne experienced by the wave
propagating in-plane between two successive scatterers and
the phase delay ¢y of_plane acquired by the wave diffracted
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Fig. 3. (a) Top view of the middle area of the mode-converting gra-
ting, where the right-hand side and left-hand side patterns meet. (b),
(c) Schematic representation of Bragg’s law used to calculate the offset
d that creates a phase shift of 7.

upwards by the first scatterer have to exhibit a difference of
27. This is expressed by the following condition:

¢infplane = ¢out70ffplane + 2z
ko”eff/‘ = kOnair(A sin eair) + 27, (2)

In this equation,  represents the vacuum wavenumber, 7 is
the effective refractive index of the mode propagating in the
grating structure, 7, is the refractive index of the air, A is
the grating period (radiative unit length), and 6, the angle
of radiation in the air (for either cladded or uncladded silicon
layers). This results in

Ae

A = 7.,
Neff — SIN gair

()
where A, represents the coupling wavelength, 7,;, was consid-
ered to be equal to 1, and the value of 74 for each radiative unit
is expressed as ngg = F - ng + (1 - F) - ng, where np and ng
are the effective indices of its unetched and etched sections,
respectively [16].

Now, the position & of a scattering point that results in a
n-shifted radiated field towards the same angle [Fig. 3(c)]
can be found by solving the equation

konegd = kong(d sin 0,,) + . (4)

In this equation, & represents the distance of the desired scat-
tering point from the reference point [Fig. 3(c)]. This results in
d =4, meaning that trenches should be positioned at the
middle point of each radiative unit in order to introduce a
7 phase shift to the radiated light [indicated by the blue points
in the schematic of Fig. 3(a)]. Thus, this positioning was imple-
mented to the LHS pattern as shown in the top view of the
mode-converting grating in Fig. 3(a). Considering that the
RHS was apodized according to the method described in
Ref. [16], it consisted of a set of periods {A;} and {n. ;},
and therefore the LHS trenches were positioned at A;/2 and
formed the LHS set of periods {A;} [Fig. 3(a)]. The filling fac-
tor of these LHS scatterers was then also apodized appropriately
to maintain the same directionality.

The end result for the two sides of the grating is given in
Table 1, which lists the positions and sizes of each trench along
the z axis of the chip. Three-dimensional FDTD simulations
were performed on the final design to calculate its coupling
efficiency by means of launching an LPy; beam to the grating
and measuring the power coupled into the waveguide. The cou-
pling efficiency with respect to wavelength is plotted in
Fig. 4(a) along with that of a regular (LPy;<>TE) apodized
grating coupler for comparison. The plots show maximum ef-
ficiencies of 68.4% (-1.7 dB) and 55.6% (-2.6 dB) for the
regular and mode-converting grating, respectively, which seem
to slightly surpass the coupling efficiencies reported in
Ref. [14], where maximum values of 60.4% (-2.2 dB) and
51.5% (-2.9 dB) were reported. An LPj; — TE, conversion
penalty of 0.9 dB is observed at the peak wavelength, which is
attributed to a fraction of the LP;; mode power being incident
on the discontinuity in the middle of the grating and thus
experiencing refraction downwards to the bottom oxide layer
and not coupling into the waveguide. To also verify the func-
tionality of the grating for the reverse conversion operation, a
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Table 1. Trench Positions and Sizes

Right Left
No. DPosition (nm) Size (nm) Position (nm) Size (nm)
1 0 61 305 65
2 610 69 916 72
3 1222 76 1528 80
4 1835 84 2143 88
5 2450 92 2759 96
6 3067 100 3377 104
7 3686 108 3996 112
8 4306 116 4617 120
9 4929 124 5241 128
10 5553 132 5865 136
11 6178 140 6492 144
12 6806 149 7121 153
13 7436 157 7751 161
14 8067 165 8384 170
15 8700 174 9018 178
16 9335 183 9654 187
17 9972 191 10292 196
18 10611 200 10932 205
19 11252 209 11574 213
20 11895 218 12218 222
21 12540 227 12864 232
22 13187 236 13512 241
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Fig. 4. (a) Simulated coupling efficiency for a regular and a mode-
converting grating coupler, (b) intensity profile at the output plane
above the grating and phase profile at y = 10 pm after conversion
of TE; to out-of-plane TE; (compatible with LP};).
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simulation was run for a TE, waveguide mode input, out-scat-
tering to a converted TE; profile, which can then be onward
coupled to a fiber LP}; mode. The intensity profile measured
above the grating exhibits two distinct lobes as illustrated in
Fig. 4(b). The figure also includes a phase plot for the x com-
ponent of the electric field E,, which confirms the z phase
difference between the two lobes. In order to also evaluate
the amount of backreflection, the fraction of power propagating
in the waveguide towards the opposite direction was moni-
tored, showing a low value of 1.2%.

3. DEVICE FABRICATION AND
CHARACTERIZATION

To experimentally verify the functionality of the grating
coupler, the design was fabricated on an SOI wafer with a
220-nm-thick silicon layer over 2 pim of buried SiO,. The pat-
tern was defined by means of electron beam lithography and
inductively coupled plasma (ICP) etching, while a 730-nm-
thick layer of SiO, was subsequently deposited on top of
the silicon layout [see Fig. 5(a)]. To characterize our device,
we measured the output far-field patterns and the fiber-to-fiber
transmission on two types of test waveguides with grating input
and output interfaces as shown in Figs. 5(b) and 5(c). The
first waveguide comprised only regular apodized grating
couplers, while the second one implemented the mode conver-
sion on the output grating. As illustrated in the schematics in

Power (a.u.)

// N
(©)

Fig. 5. (a) Scanning electron microscope (SEM) image of the
mode-converting grating (top view), (b), (c) characterization setup
and recorded output far-field patterns for waveguides interfaced with
a pair of regular gratings and a regular and a mode-converting grating.
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Figs. 5(b) and 5(c), the optical input to the waveguides was
coupled through a single-mode polarization-maintaining
(PM) fiber positioned above the surface of the input grating
pattern, while the output was collected on the other end by
an infrared (IR) camera through an objective lens placed at
an angle above the output grating. A wavelength-tunable exter-
nal cavity laser source was used to launch TE polarized light
(comprising only the E, component) to the waveguide through
the PM fiber at the input and the resulting far field patterns for
the two devices are shown in Figs. 5(b) and 5(c), as captured by
the camera.

For the first device, which did not involve any mode con-
version stage, it can be observed that the output beam shows a
TE-shaped profile with a single intensity lobe. In the second
device however, mode-order conversion takes place at the out-
put grating coupler, transforming the TE, waveguide mode to a
mode profile resembling the TE; mode (which can be coupled
to an LP}; fiber mode), as is evident by the two intensity lobes
at the output. In order to determine the purity of the converted
TE, -shaped pattern, the power profile along the horizontal line
that bisects the mode is also plotted in Fig. 5(c). An ideal TE;
shape would exhibit zero power between the two lobes, and
therefore we quantified the purity by measuring the maximum
to minimum intensity ratio, which was equal to 8.6 dB.

In order to quantify the coupling efficiency and the mode
conversion penalty of the grating, we subsequently coupled the
light from each waveguide to a 1-m-long commercial graded-
index two-mode fiber. Figure 6(a) shows the fiber-to-fiber
transmission response for the device that included the
mode-order converting grating, as it was recorded by sweeping
the input wavelength. The graph is plotted with respect to
launched power, and includes the coupling losses of both the
regular grating and the mode-converting one. The peak power
was measured at -5.2 dB at the wavelength of 1537 nm, and
the 3-dB bandwidth of the structure was 42 nm. To confirm
the excitation of the LP;; mode, we measured the far-field pat-
tern at the output end of the fiber, which exhibited two clearly
separated intensity lobes [Fig. 6(a) inset]. The measured peak-
to-trough intensity ratio of the fiber mode was 13.8 dB, sug-
gesting a higher modal purity than what was measured at the
grating output. Using an additional reference transmission
measurement of the regular grating device [by means of the
structure shown in Fig. 5(b)], the coupling efficiency for a sin-
gle mode-converting grating was then extracted and is shown in
Fig. 6(b) along with the prediction from the simulation. The
measurement appears to match well the simulation result. The
peak efficiency is -3.1 dB compared to the predicted value
of -2.6 dB, both exhibited at the central wavelength of
1540 nm. The difference in the two values can be attributed
to additional unaccounted losses present in the measurement
system. Regarding the bandwidth of the single mode-
converting grating, it was calculated to be 51 nm, which is close
to the predicted value of 47 nm evaluated in the simulation
run. The conversion penalty predicted by the simulations is
also confirmed by the experimental results as the extracted peak
efficiency for the regular grating coupler (not shown in the
graphs) is -1.8 dB at 1535 nm, just 1.3 dB higher than the

peak value of the mode converter.
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Fig. 6. (a) Fiber-to-fiber transmission for the mode-converting
device (inset: far-field pattern at the output of the two-mode fiber),
(b) extracted (and simulated) coupling efficiency for the mode-
converting grating coupler.

4. CONCLUSION

We have presented a design strategy for grating couplers that
implement mode-order conversion at the fiber-chip interface
with no requirement for additional components and we have
demonstrated the first successful fabrication and characteriza-
tion of such a structure. The design optimization focused on
maximizing the coupling efficiency as well as the conversion
efficiency, while the methodology provides scalability to the
converter design, enabling potential conversion to any
higher-order fiber mode through the use of the appropriate
groove pattern (see e.g., Refs. [14,15]). The conversion of a
TEy mode to an out-of-plane TE; mode profile was verified
through the visualization of the far-field intensity profile radi-
ating from the output of the device, which exhibited two clearly
separated lobes. Finally, a TE; — LP;; conversion was also
confirmed by coupling to a two-mode fiber and recording
the mode profile at the fiber output, while transmission mea-
surements showed a 3.1 dB coupling efficiency for a single
mode-order converting grating, which included a 1.3 dB pen-
alty for the conversion operation.
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