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Abstract: Dielectric gratings that couple optical fibers and planar waveguide circuits are
key for optical-to-electronic (electronic-to-optical) signal conversion, but their applicability
to platforms that require broader bandwidths and higher capacity is limited by their single-
wavelength response. Herein, we present the design of a quasi-periodic grating coupler with
multiband fiber-to-waveguide (waveguide-to-fiber) coupling response, where the grating
consists of a periodic repetition of unit cells made of alternating silicon and air grooves
according to the Fibonacci sequence. Through finite-difference time-domain (FDTD) cal-
culations, we show that this new device could be used for coupling multi-wavelength fiber
modes in a single grating structure. The results were obtained for fibers operating in the
wavelength range from 1000 nm to 2000 nm, but the concept can be readily extended to
other frequency ranges. Moreover, the allowed modes in the grating are almost insensitive
to fiber misalignments and small fabrication errors for high Fibonacci steps, which is useful
when alignment of optical components is impractical. It is hoped that properly designed
gratings overlapping multiple modes may lead to ultra-broadband fiber-waveguide couplers
that can cope with the growing demand for higher capacity and bandwidth in optical
communications.

Index Terms: Grating-couplers, quasiperiodic, fiber-to-chip coupling.

I. Introduction
The seamless integration of fibre-optics networks with photonic integrated circuits (PIC) and
microelectronic devices may fulfill the ever growing demand for higher data rates in optical com-
munications [1], [2]. This convergence of optical and electronics, mediated by photonic technolo-
gies, has stimulated research into various directions, as in the coupling of optical-to-electronic
or electronic-to-optical signals (optoelectronics) through dielectric semiconducting periodic grating
couplers [2]–[9]. Research has been mostly focused on periodic or apodized grating systems which
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produce high efficiencies but have limited operation bandwidths. For instance, periodic dielectric
grating structures have been explored for efficient chip-to-fiber (fiber-to-chip) coupling [10], [11],
and now there is renewed interest because of their unique ability for high-density PIC [12]–[17].
Recent approaches for grating-couplers include the use of metamaterials and backside metal
mirrors to improve coupling efficiency [18], [19]. However, the very narrow operational wavelength
range owing to the dispersive working principle constitutes a major hurdle for multichannel high
performance communication [6], [15]. This drawback needs to be circumvented to enable future
PICs with many optical input-outputs [2], [20], like frequency-comb generation or wavelength-
division multiplexing [21]. Some attempts include the design of subwavelength grating edge
couplers [5]–[7], [9], two-dimensional periodic arrays [4] and the use of gradient-based inverse
design approaches [22]. Coupling efficiencies in grating-based couplers depend strongly on the
phase-matching condition, k0neff − k0nc sin θ = Gp, where k0 = 2π

λ
, nc = 1.0 is the refractive index of

the cladding material (air in this case), neff is the effective refractive index (RI) for the optical mode,
θ is the incident angle, and Gp is the reciprocal lattice vector. This mechanism is used to produce
grating couplers working around a specific wavelength. Broadband grating platforms have been
designed with two-dimensional apodized [17] and focusing-curved [5] structures. Although these
systems can be developed with standard industrial tools to exhibit 1-dB bandwidths up to around
130 nm, their coupling efficiencies are conventionally lower than 30%.

The broadband capability of quasiperiodic gratings, i.e., self-similar structures, on the other hand,
has not been explored for efficient broadband coupling interfaces between a chip and optical fibers.
Here we present such a study with the design of a grating coupler with multiple reciprocal wave
vectors from quasiperiodic systems for broadband fiber-to-chip (chip-to-fiber) coupling. Analogous
systems have been employed for light trapping in photovoltaics [23], broadband enhancement of
second harmonic generation [24]–[26], reduction in the light beam expansion in quasi-periodic
waveguide arrays [25], and for broadband-enhanced magnetoplasmonic effects [27]. We consid-
ered the gratings made as a periodic repetition of quasi-periodic elementary cells (Fm) patterned
along the z-axis. The building blocks of these elementary cells, A (silicon) and B (air), were alter-
nated according to the m−th step of the Fibonacci sequence [26], [28], obtained from the inflation
law Fm(A, B) = Fm−1(A, B)|Fm−2(A, B), for m ≥ 2, with the initial conditions F0(A, B) = B, F1(A, B) = A
and the symbol “|” indicating a concatenation operation. Unit cells for F2, F3 and F4 are schematized
in Figure 1(a). The total number Nm of A and B blocks in the elementary cell Fm follows the Fibonacci
succession Nm = Nm−1 + Nm−2, with N0 = N1 = 1. The length Lm of the elementary cell Fm is given
by Lm = Nm−1a + Nm−2b, where a = 315 nm and b = 315 nm are the lengths of the building blocks
A and B, respectively. The reciprocal wave vectors for the phase-matching condition becomes now
a set Gp,m, where the index m must be used to indicate its dependence on the Fibonacci-step
followed by the unit cell. Figure 1(b) shows a xy-plane view of the fiber-grating alignment (φ = 0◦

in this work). All the simulations were performed with the commercial software Lumerical FDTD,
already used in the study of periodic grating couplers [12], [17], [18]. The simulation setup in the
Lumerical software is schematized in Figure 1(c) for F2, where the grating and waveguide (for each
Fm) were considered as made of Si on SiO2, with a bottom Au/Si mirror to improve the coupling
efficiencies. The grating-fiber distance d affects the coupling efficiency strongly [3]. Through an
automatized algorithm to optimize the coupling efficiency of the structure, we obtained different
d values for each tilt-angle of the fiber. We used d = 0.78 μm for θ = 6◦ and θ = 7◦; for θ = 8◦

and θ = 11◦ we used d = 0.79 μm, whereas for θ = 12◦ and θ = 14◦ we used d = 0.8 μm. Two
ports at the fiber-grating i) and at the grating-waveguide ii) interfaces were used to measure the
coupling efficiencies in the wavelength range of interest. These ports were configured to work in
the fundamental mode of the grating, i.e., for p = 1.

II. Design of Grating Couplers and Self-Similarity Effects
We focus on gratings for waveguide to/from fiber-optic coupling at multiple working wavelengths,
particularly from λ = 1000 nm to λ = 2000 nm. The waveguide thickness can be changed to
improve the coupling efficiencies, but we fixed to 220 nm for simplicity and because this value
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Fig. 1. (a) Schematics of period lengths and composition for the Fibonacci steps m = 2, m = 3, and
m = 4. (b) Side-view of the fiber-grating system showing the alignment used in this work, φ = 0. (c) xz-
plane side-view schematic of F2 (periodic) grating-coupler, with a 0.1 μm bottom-gold mirror layer and
a top cladding layer of air (nc = 1.0). The slab thicknesses and refractive indices of the corresponding
silicon (n = 3.47) and glass (n = 1.44) layers are shown. The period length (�), fiber core, distance
between fiber and grating (d ) and the fiber-tilt angle (θ ) are also illustrated.

is a common standard in industry [14], [16], [29] for λ = 1550 nm (our central wavelength). The
number or periods for each Fm decreases with m to have the total grating length below 17 μm.
More specifically, we used 24, 16, 10, and 6 periods for m = 2, 3, 4, and 5, respectively. Coupling
efficiencies for F2, F3, F4 and F5 are shown in Figure 2 for different θ and etch-depths. Figures 2(a)
and 2(b) are for θ = 6◦ and θ = 10◦, respectively, with an etch − depth = 70 nm, whilst Figures 2(c)
and 2(d) are for etch-depths of 110 nm and 140 nm, respectively, with θ = 10◦. The maximum
efficiencies are modulated by the corresponding etch-depths and θ , as expected [14], [30]. In
general, the light field along the patterning direction can be expressed as [31]

E (z) = E0eik0z sin θ

∞∑

p=0

Ap,meiGp,mz, (1)

where Ap,m is the amplitude of the p-th diffraction order, and Gp,m are found from the Fourier
transform of the grating-pattern. As the silicon and air blocks have the same widths for each
m, and the coordinates in the reciprocal space (Gp,m) appear as peaks in the Fourier spectra
(allowed modes), a correlation among the reciprocal lattices is expected. This correlation results in
a successive splitting of each photonic quasi-band around Gp,2 as m increases [26], [27], [28]. In
other words, multiple coupling-efficiency peaks in quasiperiodic structures (in contrast to periodic
ones) result from the loss of long-range spatial coherence of the electromagnetic field along
the patterning direction [28]. Poorly-defined peaks for F5 are due to the lack of periodic features
because of the small number of unit cells (6) for m = 5. As already mentioned, the aim in this
work is to demonstrate the possible use of quasiperiodic gratings for multiple high efficiency peaks
within a desired frequency range, i.e., geometrical parameters and the number of periods can be
optimized for improved efficiencies [14], [32]. Since gratings for each m-th Fibonacci-step exhibit the
same results for fiber-to-waveguide (in-coupling) and waveguide-to-fiber (out-coupling) coupling
efficiencies, we will address coupling efficiencies without any reference as to whether they are
in-coupling or out-coupling devices.

Figure 3 shows the 1-dB bandwidth for some of the coupling efficiency peaks in Figure 2. We
observed a 1-dB bandwidth of 49 nm for F2 in Figure 2(a) (see Figure 3(a)). For F4 from Figure 2(c),
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Fig. 2. Light coupling efficiencies for grating structures with unit cells F2, F3, F4, and F5 with an etch −
depth = 70 nm for (a) θ = 6◦ and (b) θ = 10◦. Results for θ = 10◦ with different etch-depths are also
plotted for (c) etch − depth = 110 nm and (d) etch − depth = 140 nm.

Fig. 3. Light coupling efficiencies with the corresponding 1-dB bandwidths for grating structures with
unit cells F2, F3, and F4. Results are for (a) F2 with θ = 6◦ and etch − depth = 70 nm, (b) F4 for θ = 10◦
and etch − depth = 110 nm, (c) F3 for θ = 10◦ and etch − depth = 140 nm and (d) F4 for θ = 10◦ and
etch − depth = 140 nm.
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Fig. 4. Light coupling efficiencies for grating structures without the bottom-gold mirror layer, with unit
cells F2, F3, F4, and F5 with an etch − depth = 70 nm for (a) θ = 6◦ and (b) θ = 10◦. Results for θ = 10◦
with different etch-depths are also plotted for (c) etch − depth = 110 nm and (d) etch − depth = 140
nm.

there are 1-dB bandwidths of 14 nm and 50 nm for the peaks at λpeak = 1056 nm and λpeak = 1746
nm, respectively, as seen in Figure 3(b). As for F3 in Figure 2(d), there is a 1-dB bandwidth of 17 nm.
Figure 3(d) shows 1-dB bandwidths of 15 nm (for λpeak = 1036 nm) and 25 nm (for λpeak = 1679
nm) for F4 from Figure 2(d). One notes that the etch − depth not only affects the peak position but
also the corresponding bandwidth.

In order to estimate the contribution from the bottom-gold mirror layer, we calculated the corre-
sponding coupling efficiencies for the systems in Figure 2 without this metallic layer. The results in
Figure 4 indicate a drop in the efficiency peaks for all Fibonacci steps considered here. Only for
the case of F5 in Figure 4(d) does one note that the coupling efficiency remains around 10%, which
may be due to the dominant reflective behavior at the fiber-grating interface.

III. Tilt-Angle and Etch-Depth Dependent Maximum Efficiencies
Calculations of the maximum coupling efficiencies, and their corresponding wavelengths, were
performed as functions of the tilt-angle and etch-depth for each Fm structure. Results for m = 2,
3, and 4, are shown in Figures 5, 6, and 7, respectively. Multiple coupling efficiency (CE) peaks
exist for F3 and F4, but only the highest are shown. In fact, F4 has two similar high CE peaks with
wavelengths λ = 1.04 μm (CE = 33.13%) and λ = 1.68 μm (CE = 35.12%), and two low CE peaks
around λ = 1.21 μm (CE = 10.45%) and λ = 1.29 μm (CE = 11.24%), for etch − depth = 140 nm
and θ = 10◦, as observed from Figure 2 d. The highest CE peaks (the associated wavelengths) are
shown as functions of θ and etch-depth in Figure 5 for the periodic system F2. Numerical results are
presented for different etch-depths and θ values in Figures 5 a and 5 b (5 c and 5 d), respectively.
Simulations were performed for a total grating length of 15.12 μm, corresponding to 24 repetitions
of the unit cell AB (630 nm period length). The waveguide and the end of the grating coupler were
12.3 μm and 1.88 μm long, respectively, for a total lateral length of 29.3 μm for the calculation
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Fig. 5. Highest coupling efficiency for the F2 system consisting in the repetition of 24 periods AB, as a
function of a) fiber’s tilt-angle and b) groove etch-depth. c) and d) show the wavelengths associated
with these coupling efficiency peaks as a function of the the fiber’s tilt-angle and groove etch-depth,
respectively. Small losses for θ = 6◦ and etch − depth = 70 nm in a) are mainly due to undesired
reflections at the grating-fiber interface (see Visualization 1).

Fig. 6. Highest coupling efficiency for the F3 system made with repetition of 16 ABA periods, as function
of a) the fiber’s tilt-angle and b) the groove etch-depth. c) and d) show the wavelength associated
to these coupling efficiency peaks as a function of the the fiber’s tilt-angle and the groove etch-depth,
respectively. In contrast to F2, the highest CE peak for this system (with θ = 10◦ and etch − depth = 140
nm) is lower due to reflections at the grating-fiber interface and light guiding in the glass below the Si
waveguide (see Visualization 2).
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Fig. 7. Highest coupling efficiency for the F4 system made with repetition of 10 ABAAB periods, as
function of a) fiber’s tilt-angle and b) groove etch-depth. c) and d) show the wavelengths associated with
these coupling efficiency peaks as a function of fiber’s tilt-angle and groove etch-depth, respectively.
Lower CE peaks, in comparison to F2, are due to higher reflections at the grating-fiber interface and
light guiding in the glass below the Si waveguide, as it can be appreciated from Visualization 3.

domain. The other geometrical and material parameters described in the previous sections were
taken as the same for all the systems in this work. The electric field was considered polarized
along the y-direction, with reference to Figure 1 c, in order to excite the transverse electric (TE)
field mode of the integrated waveguide. The maximum CE and their associated wavelength are
observed to be little sensitive to the fiber’s tilt-angle for an etch depth of 60 nm. In contrast, CE
exhibits a rapid decaying behavior for etch-depths above 70 nm for all θ values. Recent works [13],
[32] indicated that the CE dependence on the etch-depth can be controlled through the waveguide
thickness, which in the present work we consider fixed to 220 nm. Analogous results are shown for
F3 and F4 in Figures 6 and 7. Numerical simulations were carried out for F3 and a grating coupler
made with 16 ABA periods, with a total length of 15.12 μm. The waveguide and the end of the
grating coupler have the same lengths as for F2. In the case of F4 we used a grating with a
length of 15.75 μm, corresponding to 10 periods ABAAB. The waveguide length and the end of
the grating were considered as 12.3 μm and 1.25 μm, respectively. In contrast to the results for F2,
we must note that resonant wavelengths become less sensitive to changes in θ and etch-depth as
m increases, i.e., CE wavelength-peaks (not their amplitudes) are robust to small variations in the
fabrication process and fiber-misalignments. We stress that several CE peaks were observed for
the non-optimized F3 and F4 systems, whereas the results in Figures 6 and 7 only show the highest
CE peaks to emphasize the maximum efficiency dependence on the θ and etch-depth parameters.
Lower CE amplitudes for F3 (see Visualization 2) and F4 (see Visualization 3) in comparison to F2

(see Visualization 1) are due to the higher reflection at the grating interface and to the light guiding
in the glass below the Si waveguide, as it can be appreciated from FDTD videos in the visualization
files. These reflections are mainly due to the excitation of higher order modes for incident angles
larger than 8◦. From these results we expect that higher CE values with high tolerance to fabrication
errors will be reached through proper optimization methods for grating couplers [14] and thicker Si
waveguides [13], [32]. The proper engineering of an index matching period at the beginning of
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Fig. 8. Field profiles associated with the maximum CE peaks for (a) F2, (b) F3, (c) F4, results were
calculated for θ = 6◦, θ = 10◦, and θ = 14◦, respectively. The waveguide thickness was 220 nm.
Different etch-depths were used for each Fibonacci step: (a) 70 nm, (b) 140 nm, and (c) 140 nm.

the grating coupler could be an alternative to reduce reflections. However, this approach can be
challenging because the required featured sizes may be beyond the limit of standard fabrication
tools [33]. Calculations for F5, not shown here, were performed using 6 ABAABABA periods with
maximum CEs around 20%, which may be due to the small amount of periods, i.e., due to the lack
of long-range periodicity we cannot expect an efficient phase-matching between the grating and
waveguide modes.

Field profiles of Ey are shown in Figures 8(a)-(c) for the maximum CE peaks of F2, F3, and F4,
respectively. Calculations were made using different θ , etch-depth, wavelength and grating coupler
lengths, according to results in Figures 5 to 7. More specifically, we used θ = 6◦, etch − depth =
70 nm, and λ = 1579 nm for F2. In the calculation for F3 and F4 we used etch − depth = 140 nm
for both systems, whereas θ (λ) were used as 10◦ (1188 nm) and 14◦ (1631 nm), respectively.
Reflections at the grating-fiber interface for Figures 8(a)-(c) were approximately 10%, 20% and
10%, respectively. Low efficiency amplitudes are thus mainly due to the light guided in the glass
below the Si waveguide, as it can also be noted from the corresponding Visualization files.
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IV. Discussion and Conclusion
We have demonstrated numerically that a single structure - quasiperiodic grating coupler - is
capable of multiple wavelength fiber-waveguide coupling. Results were obtained for fiber modes
with wavelengths ranging from 1.0 μm to 2.0 μm, but they can be extended to wider or higher
wavelength ranges. Our concept uses fractal unit cells built according, but not limited to, the
Fibonacci sequence. Multiple peaks in the CE spectrum are due to the increased number of
allowed modes in these platforms, as observed in analogous studies. Significantly, overlapping
multiple CE peaks (through proper engineering) could be used as a way to produce ultra-broadband
fiber-waveguide coupling, which still remains as one of the major problems in this area. We must
remark that all the structures in this work used a waveguide thickness of 220 nm, which could not
be the optimum value. Thus, we expect that this seminal work stimulates further investigation to
produce multiple high efficiency peaks within a desired frequency range.
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