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Abstract

In photonic integrated circuits grating couplers are commonly used to establish an efficient
and stable fiber-to-chip link. However, the actual coupling efficiency of a fiber-to-chip
interface depends strongly on the used wavelength and exhibits a maximum at a distinct
target wavelength, determined by grating design parameters. In this paper, an enhancement
of the optical bandwidth of silicon grating couplers by adding integrated dispersive
structures is discussed. These are realized by single layers, prism-like geometries and
additional silicon nitride gratings. Theoretical considerations for a bandwidth-enhancement
by dispersive layers are performed and applied to an existing grating coupler design. A
simulated 1dB-bandwidth of up to 90 nm at a maximum efficiency of — 0.65 dB in the
C-band could be achieved, which is an enhancement to a factor of about 2 compared with
the original coupler design.

Keywords Grating coupler - Silicon-on-insulator - Bandwidth-enhancement

1 Introduction

For photonic integrated circuits used in communication systems, metrology and
sensing applications up to quantum experiments, an efficient fiber-to-chip link
is essential. For this task, grating couplers are commonly used due to their ease of
integration and accessibility all over the chip surface. Recent coupler designs show
excellent coupling efficiencies of up to — 0.5 dB (Hoppe et al. 2020), see Fig. 1.
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Fig.1 A comparison of published grating couplers is shown. The considered attributes are the maximal
coupling efficiency and the corresponding 1dB-bandwidth. In (a) only non-focusing grating couplers
are shown and separated in C-band and no C-band. The focusing grating couplers in (b) are seperated in
Si-based and SiN-based technologies. Excluding this works results, all couplers are measured. [1] Hoppe
et al. (2020); [2] Zaoui et al. (2014); [3] Chen et al. (2011); [4] Notaros et al. (2016); [5] Wade et al. (2015);
[6] Mak et al. (2018); [7] Sacher et al. (2014); [8] Van Laere et al. (2007); [9] Chen et al. (2010); [10] Chen
et al. (2008b); [11] Vermeulen et al. (2009); [12] Roelkens et al. (2008); [13] Schrauwen et al. (2007);
[14] Chen et al. (2008a); [15] Zhang et al. (2013); [16] Benedikovic et al. (2015a); [17] Selvaraja et al.
(2009); [18] Taillaert et al. (2006); [19] Halir et al. (2010); [20] Liu et al. (2010); [21] Benedikovic et al.
(2014); [22] Chen et al. (2012); [23] Scheerlinck et al. (2007); [24] Halir et al. (2012); [25] Subbaraman
et al. (2012); [26] Xu et al. (2013); [27] Ding et al. (2013); [28] Zaoui et al. (2013); [29] Benedikovic et al.
(2015b); [30] Wang et al. (2010); [31] Ding et al. (2014b); [32] Marchetti et al. (2017); [33] Lee et al.
(2016); [34] Vermeulen et al. (2010); [35] Anastasia et al. (2012); [36] Mekis et al. (2011); [37] Wang
et al. (2016); [38] Cheng et al. (2012); [39] Cheng and Tsang (2014); [40] Halir et al. (2014); [41] He et al.
(2012); [42] Wang et al. (2014); [43] Wang et al. (2015); [44] Zhong et al. (2014); [45] Ding et al. (2014a)

Like the grating coupler in Zaoui et al. (2014), whose design is used in this work,
the high coupling efficiency is achieved by a aperiodic structured silicon grating to
match the Gaussian fiber mode properly, and by a backside mirror for a better coupling
directionality. With a suitable packaging process (see Snyder and OBrien 2013;
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Hoppe et al. 2017) a compact and stable fiber-to-chip link can be realized. However,
the spectral distribution of the efficiency of grating couplers is not uniform, but has a
maximum at a distinct wavelength and then decays on both sides, resulting in a limited
optical bandwidth of about 40 nm (Hoppe et al. 2020; Zaoui et al. 2014). There are
other designs with enhanced bandwidth (Chen et al. 2011, 2012; Xu et al. 2013), but
reduced efficiency. Obviously, there is a trade-off between maximal coupling efficiency
and bandwidth.

A comprehensive collection of published grating couplers is shown in Fig. 1.
The broadest bandwidth of 80 nm is reported in Chen et al. (2011) with a maximal
coupling efficiency of —7 dB for a grating coupler. As shown in Fig. la, the work
presented in Notaros et al. (2016) provides a high coupling efficiency of —0.5 dB. The
result in Wade et al. (2015) has a good balance between the coupling efficiency of
— 1.2 dB and a 1dB-bandwidth of 78 nm. However, both of them are not designed for
C-band communications. The focusing grating couplers from Mak et al. (2018) and
Sacher et al. (2014), depicted in Fig. 1b, show similar behavior as Wade et al. (2015),
but they are also not devised for C-band applications. Furthermore, these couplers are
fabricated in silicon nitride.

One approach to extend the usable wavelength range is to tune the gratings and shift
the spectral distribution of the efficiency, e.g. by using heaters (Kim et al. 2015), but
this method needs additional electrical control circuitry and consumes power. Another
possibility is described in Molina-Fernandez et al. (2017). There, a silicon-prism is
used on top of the cladding above the grating coupler to vary the angle of incidence for
different wavelengths. Following the simulation in Molina-Fernandez et al. (2017), this
method increases the 1dB-bandwidth to 126 nm in the C-band, but this method requires
additional effort for fabrication and placement. In this work, we propose an integrated
planar dispersive structure on top of the grating coupler. For that purpose simulations
are used to determine the optical properties. The structure can be fabricated on wafer
level using standard semiconductor processing technology. First, a short look at the
simulation environment is given. Then the requirements for the dispersive structure are
motivated and on this basis the discussion of the structured and unstructured cladding
follows. At last, an integrated silicon nitride grating is shown, which enhances the
bandwidth and can be realized in a common material system. In the conclusion and
outlook the results are summarized.

2 Design of an integrated dispersive structure
2.1 Simulation environment

The optical simulations are based on the eigenmode expansion method (EME) of the
full-vectorial Maxwell solver in the cavity modelling framework (CAMFR) (Bienstman
2001; Bienstman and Baets 2001) and performed with transverse electric waveguide
modes. 120 eigenmodes are used to simulate the grating coupler without and with a
dispersive structure. For the more extensive optimization of geometrical parameters
the number of eigenmodes is reduced to 80 for speeding up the calculations. Refractive
indices are based on numerical data from the results in Li (1980) and Agrawal (1995).
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While the electrical field of the grating coupler is simulated numerically, the electrical
field of the SMF-28 fiber mode is approximated analytically with a Gaussian beam.

2.2 Requirements for the dispersive structure

The following analysis is based on the grating coupler geometry described in Zaoui et al.
(2014). Its coupling efficiency is simulated at different wavelengths for different coupling
angles 0 and positions z along the grating coupler. The results are shown in Fig. 2a—c.

As depicted in Fig. 2d, the coupling angle for the maximum coupling efficiency varies from
about 13° to about 5° for wavelengths ranging from 1.50 to 1.60 pm respectively. The position z
is nearly the same. Thus, for getting the maximum coupling efficiency for a given wavelength,
it is required to change the coupling angle 8, whereas the position z is left unchanged. When
the fiber is kept at a fixed position and angle, the same effect is achieved by introducing a
dispersive medium with an angular dispersion 46/A4 of —1.4 um~!, depicted as Black Box
in Fig. 3.

Assuming that the Black Box is lossless and the z-dependence is neglected, the normalized
efficiency of this setup will be close to 1 within a 100 nm bandwidth. It has to be mentioned,
that the angular dispersion and the dispersion of the refractive index 4n/AA are not the same,
but they have the same unit of um~', and they are proportional to each other,
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Fig.2 The results of the simulated normalized coupling efficiency for 1500 nm (a), 1550 nm (b) and
1600 nm (c¢) by varying coupling angle and fiber position along the grating coupler is shown in color code.
The positions of the incoming light for maximal coupling efficiency of different wavelengths are marked in

(d)
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Fig.3 Schematic of the grating
coupler with the incoming light
and the Black Box. The change
A6 depends on the wavelength
of the light and is induced by the
Black Box

An _ An A0
22720 ar W

The factor An/A6 depends on the geometry and the materials of the Black Box. In the
following dispersion is related to the dispersion of refractive index, which is considered in
the next chapter.

2.3 Dispersive cladding

The first approach to realize the Black Box is using a simple layer of a dispersive material.
Therefore, region I and II in Fig. 4 are set to behave like silicon dioxide. Only the cladding
of the grating coupler, named region III, is considered dispersive. We evaluate the behavior
of a dispersive region on the basis of a virtual material with a refractive index of 1.444 at
1550 nm. This ensures that the standard configuration and the structure with the Black Box
are identical at 1550 nm for better comparison. The dispersion of this virtual material is
assumed to be constant over wavelength. The fiber is placed according to the optimum of
Fig. 2b.

Solving the transition into region III by using Snells law, An/A@ is negative. As
described, the angular dispersion 40/A4A for maximal coupling efficiency is also negative
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(=1.4 pm™"). Thus, according to Eq. (1), an enhancement of the bandwidth is expected
at positive dispersions 4n/AA. For a region III with a thickness of 1 pm, the simulations
show a dispersion-dependent increase of the bandwidth, as depicted in Fig. 5a. The
1dB-bandwidth as well as the 3dB-bandwidth rise with a slope of 1.8 nm/um~! and
2.2 nm/pm~!, respectively. This result validates the method to enhance the optical
bandwidth of a grating coupler by just adding a dispersive layer. To have a significant
effect on optical bandwidth, the material dispersion should be high. While silicon dioxide
provides only a very low dispersion, doped glasses (Polyanskiy 2018; Fleming 1978) or
adhesives, as used for the packaging process, are more promising candidates.

2.4 Structured dispersive cladding

As seen in the previous section, the dispersion of the Black Box should be high to have
significant influence on the optical bandwidth of the coupler and a suitable material has
to be found for the uniform film. A more prism-like effect is created by adding a layer
with a vertical boundary between region I and II, as shown in Fig. 4. Now, region III is
the standard passivation oxide layer with a thickness of 0.5 um. Region I is dispersive,
while region II has also the properties of silicon dioxide. Through iterative simulations, the
thickness of region I and region II is optimized to 12.4 pm. The boundary surface is located
atz = 6.14 pm.
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Fig.6 Coupling efficiency of 1
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As illustrated in Fig. 5b, there is again an effect on the optical bandwidth, now with
a distinct peak at —0.77 pm~! showing a 1dB-bandwidth of 83 nm. The factor of this
enhancement is about 1.97 compared to the original unmodified coupler, see Fig. 6.

This principle can easily be applied to other grating coupler designs. Simulated values of
additional grating designs at INT (Hoppe et al. 2019) with this dispersive structure are shown
in Fig. 1a. Their 1dB-bandwidths are enhanced from 95 to 116 nm and from 109 to 118 nm,
respectively.

2.5 Integrated silicon nitride grating

The next step of evolution is to realize the Black Box by another grating on top of the silicon
grating. The top grating is the dispersive element, which feeds the coupling grating. Here, the
dispersion is not provided by a significant dispersion of the refractive index of one material,
but by the effective dispersion of the whole structure. There are silicon grating couplers with
an additional grating on top of the actual grating coupler (Xiao et al. 2012) and approaches,
which combine silicon and silicon nitride (Wade et al. 2015; Mak et al. 2018; Sacher et al.
2014; Masanovic et al. 2005). But this work focuses on the combination of a Si-based coupler
in the C-band with a high efficiency and broad bandwidth. The position, thickness, fill factor
and periodicity of the additional grating have to be aligned. A schematic is shown in Fig. 7.
In order to compare different grating geometries a figure of merit is defined

Fig.7 The schematic view of
a silicon grating coupler with a
periodic silicon nitride grating
above

i’
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FOM = AZy4p - M550 2)

where 7,55 is the efficiency at a wavelength of 1550 nm. For the calculation of the FOM,
the efficiencies (Fig. 8) of ten wavelengths, including 1550 nm, are calculated and the
1dB-bandwidth is approximated by a cubic interpolation.

First a simple Monte Carlo simulation was implemented, i.e. a variety of different
parameter combinations is simulated. The configuration with the best FOM is the
starting point for a subsequent investigation with more limited ranges of parameter
values and higher resolution.

Figure 9 shows part of a sweep of thickness 7, height 7 and horizontally shift along
the z-axis (as defined in Fig. 7) of an additional periodic silicon nitride grating above
the silicon grating coupler. The fill factor of the shown sweeps is set to 0.5, while one
period has a length of 800 nm.

After the evaluation of each configuration, the algorithm leads to a structure, which
has a 1dB-bandwidth of 58 nm with a maximal coupling efficiency of about — 0.56 dB.

Due to the large number of the required configurations for high accuracy, the
complete pass through the implemented program, like for the additional periodic grating
before, takes a long time. Therefore, another more efficient approach was used to find
an adequate additional aperiodic grating. In a first step, only the thickness and the
distance to the coupler of a silicon nitride layer all over the coupler are varied. After
the optimization of these parameters, the fill factor, horizontal shift and periodicity are
improved. In a last step the algorithm searches for an enhancement with an aperiodic
design. The resulting aperiodic nitride grating with a 190 nm thick layer leads to a
1dB-bandwidth of 63 nm with a maximal coupling efficiency of —0.71 dB.

A comparison of the coupler without additional grating, with a periodic and an
aperiodic grating are presented in Fig. 10. As shown, both modifications enhance the
1dB-bandwidth, but under degeneration of the maximal coupling efficiency. However,
this decrease is relatively small considering Fig. 1.
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3 Conclusion and outlook

The requirements for an integrated bandwidth-enhancing dispersive structure on top of
a state-of-the-art grating coupler, and various designs and their respective simulations
are presented. The bandwidth-enhancement of a dispersive cladding is approximately
1.8 nm/pm~"and 2.2 nm/pm~"! for the 1dB-bandwidth and 3dB-bandwidth, respectively.
Using an additional structure with a dispersion of —0.77 um~! for one region enhances
the 1dB-bandwidth by a factor of 1.97. For all these approaches the maximal coupling
efficiency remains nearly constant. Using an additional aperiodic silicon nitride grating
on top of the grating coupler a 1dB-bandwidth of 63 nm is achieved, but the maximal
coupling efficiency is reduced to —0.71 dB.

The work results are based on silicon grating designs in a 250 nm SOI platform.
Furthermore, these dispersive structures are adaptable to other designs. Thanks to their
simple design, the structures presented in this article are interesting candidates for
production and down-market products.
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