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Most grating couplers for silicon photonics are designed to match the approximately 10 lm mode-

field diameter (MFD) of single-mode telecom fibres. In this letter, we analyse grating-coupler

designs in the Silicon-on-Insulator (SOI) platform in a wide range of MFDs (4–100 lm) and related

footprints, to give a physical understanding of the trends in efficiency and lineshape of the corre-

sponding coupling spectra. We show that large-footprint grating couplers have an intrinsic

Lorentzian lineshape that is determined by the quasi-guided photonic modes (or guided resonances)

of the corresponding photonic crystal slab, while small-footprint grating couplers have a Gaussian

lineshape resulting from the k-space broadening of the incident mode. The crossover between the

two regimes is characterized by Voigt lineshapes. Multi-objective particle-swarm optimisation of

selected small-footprint apodized grating-couplers is then used to locate the “Pareto fronts;” along

which the highest coupling efficiency is achieved for a given bandwidth. This approach identifies

several high-efficiency 220 nm SOI grating coupler designs with 1 dB bandwidths exceeding

100 nm. Such grating couplers are ideally suited for broadband photonic applications, such as

wavelength-division multiplexing and environmental sensing, and are compatible with commer-

cially available ultra-high numerical aperture fibres. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4974992]

Silicon photonics can be used to fabricate highly

integrated devices for Information and Communication

Technology (ICT), medical, and sensing applications.1–6 A

large body of research and product development in silicon

photonics has been carried-out on the 220 nm silicon-on-insu-

lator (SOI) platform, where the high index contrast between

layers, and the low absorption in the O- and C- telecom bands,

allow for small and potentially cost-effective photonic inte-

grated circuits (PICs) to be directly interfaced to long-distance

communication channels. The same platform is also employed

to realize many of the silicon-based photonic crystal (PhC)

slabs.7,8 These are waveguide embedded structures that are

able to control the propagation and confinement of electro-

magnetic signals either by exploiting guided resonances

(lossy, lying above the light line and coupled to electromag-

netic waves in the far-field) or truly guided modes (ideally

lossless, lying below the light line and evanescent in the low-

index claddings).9–13

Currently, a key challenge for realising practical PIC

devices is the development of fibre-to-chip coupling that

offers low optical insertion losses, and is compatible with the

photonic packaging technology for scaling up to volume man-

ufacture. Grating-couplers14–17 are one possible solution,

because they offer relatively relaxed alignment tolerances, do

not require precision dicing or polishing of the PIC, and allow

for wafer-scale performance testing. The two main figures of

merit for grating couplers are (i) the coupling efficiency (CE),

which defines the fraction of light transferred from the inci-

dent fibre-mode into the SOI waveguides, and (ii) the band-

width of the coupling spectrum, commonly defined as the

spectral broadening at 1 dB from the maximum CE, which

represents the useful spectral window. Notice that a uniform

grating coupler is nothing else than a 1D or 2D photonic crys-

tal (PhC) slab with a partial etching of the silicon core layer.

CE values of more than 80% (i.e., insertion losses better

than 1 dB) can be achieved in state-of-the art 1D SOI

grating-couplers that take advantage of nonuniform18–21 or

sub-wavelength22–24 patterning, poly-Si layers added during

lithography,25 and the replacement of the Si-substrate with

metallic bottom-reflectors.26 In parallel, the optimisation of

2D grating coupler designs has largely eliminated the polar-

isation sensitivity of 1D structures, allowing for an efficient

fibre-to-chip coupling regardless of the polarisation-state of

the incident mode.16,17,27–31

The bandwidth of SOI grating-couplers tends to be lim-

ited to 30–40 nm, which is adequate for single-wavelength

photonics, but limits the suitability for broadband applica-

tions, such as wavelength division multiplexing for high

bandwidth ICT devices, or environmental and security sen-

sors that probe multiple gas-lines. Specific designs that offer

increased bandwidth have been demonstrated, usually featur-

ing complex structures such as dual-level gratings,32–34 sub-

wavelength patterning24,35,36 or use of smaller fibers.33,34

Theoretical models for the trends of the bandwidth have

been developed in the case of uniform gratings.37 Still, gen-

eral studies of the relationship between the CE and band-

width of grating couplers have not been reported so far.

Grating couplers are most often considered in a range of

footprints that match the mode-field diameter (MFD) of stan-

dard single-mode fibers (10.4 lm). In this work we study

grating couplers in a wide range of MFDs (4–100 lm), also

implying a variable footprint. We focus on 1D gratings with

220 nm thickness of the silicon core layer operating at the

telecom wavelength k ¼ 1:55 lm in transverse electric (TE)
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polarization (the electric field of the incident beam is parallel

to the waveguide plane, perpendicular to the cross-section of

Fig. 1) and with a fiber angle fixed at 10�. Our goal is two-

fold: First, we analyze the origin of the coupling between an

optical fiber mode and a silicon waveguide in terms of the

physics of a PhC slab. To this purpose, we study the line-

shape and bandwidth of uniform couplers in terms of the

radiative losses of quasi-guided modes. Second, for selected

values of the MFD, we simultaneously optimize the CE and

the bandwidth of apodized grating couplers. We adopt a

multi-objective particle-swarm optimization (MO-PSO)

algorithm in order to identify improved high-bandwidth,

high-CE designs. The results of this work clarify the differ-

ent physical regimes of grating coupler operation, and show

that tuning the MFD is a promising route to realize large-

bandwidth devices.

The main parameters of our structures are shown in

Fig. 1. For uniform gratings, the lattice is defined by the period

and by a duty cycle DC (i.e., the constant value of the groove

width over the period), while for non-uniform gratings, each

groove is characterized by its own position and width. Each

structure is numerically analysed by using Finite-Difference

Time-Domain (FDTD) simulations.38 The light coming from

the fiber is simulated by a Gaussian beam, whose MFD is the

diameter at which the electric field amplitude is reduced by a

factor of 1=e with respect to the peak value. The grating foot-

print (FOOT in Fig. 1) can be more extended than the MFD,

and the fiber mode is separated from the silicon waveguide by

a fiber offset (FIO in Fig. 1). The most significant parameter is

the MFD: we have verified that the performance of the grating

coupler is nearly independent of the footprint once it is large

enough to accommodate the whole fiber mode. In this work,

we study the grating properties as a function of MFD, properly

optimizing the fiber offset FIO and taking FOOT to be slightly

larger than MFD. Additional details are given in the supple-

mentary material (SM), Secs. I and II.

The behavior of a grating coupler can be understood by

studying the physics of photonic crystals embedded in planar

waveguides, usually known as PhC slabs.7 Adding a periodic

pattern in a planar waveguide induces a folding of slab

guided modes into the first Brillouin zone. The bands that

are folded above the cladding light line become quasi-guided

with a finite linewidth over the continuum background repre-

sented by radiative modes.10–12 The partially etched grating

coupler represents a weak photonic perturbation on a planar

waveguide, but the same concept of band folding holds. In

fact, we can understand the coupling of light from free space

into or from the waveguide as arising from the resonance

condition between far-field radiation—whose dispersion lies

above the cladding light cone—and a quasi-guided mode, as

schematically represented in Fig. 2(a). The PhC slab theory

strictly holds for infinite systems, while in a finite system,

the incident beam has a broadening in k-space. This leads to

a frequency broadening of the resonance condition, as illus-

trated in Fig. 2(b) and further discussed below.

We have performed a systematic study of CE and band-

width for uniform 1D gratings as a function of the MFD, for

different values of the etching depth. Throughout this analy-

sis, we fixed the thickness of bottom oxide to 2 lm, which

was previously shown to be an optimal value for 1D grating

couplers.21 In general, the CE has a periodic dependence on

the BOX thickness, as it is affected by constructive/destruc-

tive interference between the incoming and the reflected

wave at the bottom interface. We also fixed the ratio between

the fiber offset and the MFD to 0.470, while the period of

each grating coupler was tuned to lock the maximum CE at

k ¼ 1:55lm.

The resulting CE and bandwidth as a function of MFD

are shown in Fig. 3, where the bandwidth is evaluated as the

full width at half maximum (FWHM) of the corresponding

coupling resonance. The behavior of the CE shows an opti-

mal MFD, depending on the etching depth considered. This

can be understood by considering that light in a patterned

waveguide can only propagate for a finite distance due to the

out-of-plane diffraction.9–13 When the MFD exceeds such a

distance, only the light that is absorbed near the edge of the

grating can propagate until the unpatterned waveguide, lead-

ing to a decrease of coupling efficiency. Simultaneously, the

bandwidth shows a decreasing trend as a function of the

MFD, tending to saturate at a constant value.

FIG. 1. Schematic illustration of the structure of the one-dimensional grating

couplers studied in this work, where all the relevant parameters involved are

explicitly defined. Refractive indices are: n(Si)¼ 3.47 and n(oxide)¼ 1.44.

FIG. 2. (a) Schematic illustration of band folding induced by a periodic pattern onto a planar waveguide, and (b) coupling of an incident beam with k-space

broadening through resonance with a quasi-guided mode, resulting in a frequency broadening. Parameters: etch depth 80 nm, period 619 nm, DC¼ 25%. The

incoming light line represents the dispersion of a plane wave coming from the top cladding at an incident angle of 10�, namely, x ¼ ck=ðnclad sin 10�Þ.

041107-2 Passoni et al. Appl. Phys. Lett. 110, 041107 (2017)

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-110-016705
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-110-016705


We claim that the bandwidth behavior can be under-

stood in terms of two contributions: The first one is due to

the finite dimensions of the excitation spot, while the second

one is related to the intrinsic loss rate of the quasi-guided

mode involved in the coupling. For the first mechanism, an

excitation with a Gaussian beam leads to a Gaussian spread

in wavevector rk that can be derived from the Fourier trans-

form of the mode profile in real space. This is at the origin of

a spread in energy rx, which arises from the coupling

between the k-broadened incident mode and the guided

modes (see Fig. 2(b)). The relation between rx and the MFD

can be written as

rx

x
¼ 2k

pneffMFD
; (1)

where neff is an effective waveguide index. The second con-

tribution arises from the intrinsic radiative linewidth of

quasi-guided PhC modes, leading to a homogeneous broad-

ening with a Lorentzian lineshape, and it is expected to be

constant as soon as the MFD is large enough.

Our hypothesis is confirmed by the simulated spectra,

shown in Fig. 4 for a few selected cases. The lineshape is

Gaussian in the region of small MFD, well before saturation

of the bandwidth in Fig. 3(b), and it becomes Lorentzian for

large MFD. We notice that for the intermediate case, the

lineshape is very well fitted with a Voigt profile, which is a

convolution between Gaussian and Lorentzian lineshapes, as

expected when both contributions are relevant. Such behav-

iour as a function of footprint has been found for all the ana-

lyzed structures.

To further test our interpretation, we have compared the

results of 2D-FDTD simulations to a Rigorous Coupled

Wave Analysis (RCWA) of the corresponding infinite struc-

tures.39,40 We briefly remind that RCWA allows to calculate

the transmission and reflection spectra of arbitrarily layered

PhC slabs with 1D or 2D patterns. To separate the Gaussian

and Lorentzian contributions to the bandwidth, we have fit-

ted each spectrum from FDTD simulations with a Voigt pro-

file. This yields the broadening parameters r and c, namely,

the standard deviation of the Gaussian and the half-width at

half maximum of the Lorentzian lineshapes involved in the

convolution, respectively. From the RCWA calculation,

reflection spectra of the corresponding PhC slab give Fano-

type resonances that arise from coupling of the quasi-guided

modes with the continuum background of radiative slab

modes.11,41 The Fano fit allows to extract the real and imagi-

nary parts of the resonance frequency of quasi-guided

modes. The Gaussian contribution to the bandwidth can be

obtained knowing the frequency of the coupling resonance

and applying momentum conservation. An example of such

a comparison is presented in Fig. 5, where we notice an over-

all good agreement between the two approaches. The only

discrepancy arises for the Lorentzian contribution at small

MFD. Such a discrepancy vanishes at larger MFD, and it can

be attributed to the few lattice periods corresponding to a

small MFD, where the very concept of a photonic crystal

becomes less relevant.

Summarizing the present analysis, we confirm that the

bandwidth of uniform grating couplers follows from two

contributions identified as a finite-size one (k-space broaden-

ing of the Gaussian beam) and an infinite-size term arising

from the intrinsic radiative broadening of quasi-guided

modes. The bandwidth increases on reducing the MFD, thus

smaller MFD structures might be interesting for applications

requiring a compromise between large CE and bandwidth.

The second goal of the present work is to find a route to

increase the operational bandwidth of SOI grating couplers

without compromising the CE. Hence, we have to go beyond

uniform gratings to simultaneously optimize the CE and

bandwidth, by applying the concept of apodization (i.e., indi-

vidual modification of each grating groove). Several studies

have already been performed in this direction, often adopting

sophisticated optimization procedures.34,42–44

Here we employ an optimization algorithm known as

Particle Swarm Optimization (PSO),45 owing to its relatively

easy implementation and its good performance in electro-

magnetic problems.42,46,47 The use of such type of algorithm

for simultaneous optimization of bandwidth and CE of grat-

ing couplers has already been reported in the literature.48–50

In the present work, we implement a Multi-Objective version

of PSO (MO-PSO) based on the concept of “Pareto front.”51

FIG. 3. Numerically calculated (a)

coupling efficiency and (b) bandwidth

(FWHM) as a function of MFD, for

different etching depths. Fixed param-

eters: DC¼ 25%, T_BOX¼ 2 lm. The

period is tuned for coupling at k ¼
1.55 lm.

FIG. 4. Simulated coupling spectra for

structures with 80 nm etching depth

(all other parameters as in Fig. 3), con-

sidering different values of MFD. The

spectra are well fitted by Gaussian (a),

Voigt (b), and Lorentzian lineshapes

(c), respectively.

041107-3 Passoni et al. Appl. Phys. Lett. 110, 041107 (2017)



Here, we are allowed to optimize a set of fitness functions,

each expressing a single objective, which in our case corre-

spond to the CE and bandwidth. The Pareto improvement of

a structure is defined as a modification that improves at least

one fitness function without decreasing any other. Hence, a

Pareto front can be defined as the ensemble of all the struc-

tures that cannot be further Pareto improved. Thus, the

knowledge of the Pareto front for the given problem gives an

exhaustive set of optimal structures. The optimization algo-

rithm works iteratively: The temporary Pareto front is stored

at each step, and it should converge to the real Pareto front

with a sufficient number of iterations.

The MO-PSO is combined with 2D-FDTD simulations

to simultaneously optimize the CE and bandwidth, the latter

being defined in the following at �1 dB from the maximum

CE. We vary the width and position of each grating element

for four different MFDs, namely, the standard value

10.4 lm, and three smaller values given by 8, 6 and 4 lm. As

a starting point of the optimization procedure, we use the

knowledge of the linearly chirped structure with the best CE

for each MFD. The latter can be found by a dedicated

Single-Objective PSO. Each optimization was run with 20

agents for 1000 iterations, exploring a total of 2� 104 con-

figurations. In the case of 10.4 lm MFD, a further optimiza-

tion run was undertaken in conjunction with the tolerance

analysis, see supplementary material (SM) for details.

The results are shown in Fig. 6 for the four Pareto fronts

obtained considering different MFDs. It clearly emerges that

a precise trade-off exists between the CE and bandwidth,

once the MFD has been fixed. On this front, no improvement

can be made in one of the two quantities without compromis-

ing the other. Moreover, it is clearly evidenced that decreas-

ing the MFD generally increases the bandwidth, even if it

comes at the expense of a slight reduction of the maximum

achievable CE. As an illustrative example, going from

10.4 lm to 4 lm, the bandwidth is doubled while only 7% is

lost in CE. The target of 100 nm bandwidth (suitable for

wavelength-division multiplexing transmission with 4 chan-

nels) can be achieved with a 47% CE, by simply using a

6 lm MFD, further improved to 53% if a 4 lm MFD is used.

Such values can be obtained using lensed fibers (as done,

e.g., in Ref. 34) or tapered fibers.

The Pareto fronts of Fig. 6 turn out to follow a nearly

linear behaviour for all values of the MFD. They result

from a complex multi-parameter optimization and cannot be

expressed by a simple model. Still, the analysis of the struc-

tures on the Pareto fronts (see supplementary material, Sec. VI

for details) yields some insight into the outcome of the optimi-

zation procedure. For the points with highest CE in a Pareto

front, the apodized structure is characterized by a transition

region with a smooth increase of the groove width from the

edge of the grating towards the central part: this provides

impedance matching between the guided mode of the grating

and that of the silicon waveguide. Moving up on the Pareto

front, the transition region and the whole grating become pro-

gressively more disordered: the increase of disorder results in

an increase in bandwidth, thanks to the wider spectrum of

Fourier components, but reduces the CE as both resonance

coupling and impedance matching are less effective.

We have presented a theoretical analysis of bandwidth

and coupling efficiency for one-dimensional grating couplers

in the 220 nm SOI platform. For uniform gratings, we find

that the bandwidth monotonically decreases when increasing

the MFD, and it is mainly composed of two contributions.

The first one, coming from the finite size and the resulting k-

space broadening of the incoming beam, dominates at

smaller MFD, while the second one, related to the intrinsic

linewidth of the photonic quasi-guided mode, dominates at

larger MFD. This is also confirmed by analysing the cou-

pling lineshape, which shows a Gaussian behavior for small

MFD, and a Lorentzian behavior when the photonic crystal

regime (the limit of infinitely extended lattice) sets in. Using

an MFD smaller than the standard value of 10.4 lm, we have

shown that it is possible to sensitively increase the grating

couplers bandwidth. In particular, a 4 lm MFD allows

increasing the bandwidth from about 40 nm to 100 nm, while

the coupling efficiency is reduced only from 65% to 53%.

Depending on the use of suitable fibers with reduced spot

size, these results suggest a strategy for the realization of

grating couplers supporting several channels for optical com-

munication in a standard SOI platform. Further improve-

ments are expected by the use of SOI with thicker (e.g.,

�300 nm) silicon layers.

See supplementary material (SM) for details on the

numerical procedures, for a complete data of the structures

on the Pareto fronts, and for a tolerance analysis.

The authors are grateful to A. Bozzola and to A. Fincato
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