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An Ultracompact GRIN-Lens-Based Spot Size Converter
using Subwavelength Grating Metamaterials

José Manuel Luque-Gonzdlez,* Robert Halir, Juan Gonzalo Wangiiemert-Pérez,
José de-Oliva-Rubio, Jens H. Schmid, Pavel Cheben, Ifigo Molina-Ferndndez,

and Alejandro Ortega-Moriux

Graded-index materials offer virtually complete control over light propagation
in integrated photonic chips but can be challenging to implement. Here, an
anisotropic graded-index metamaterial, synthesized with fully etched silicon
subwavelength structures, is proposed. Based on this material, a spot size
converter that expands the transverse electric (TE) mode field profile from a
0.5 pm wide silicon wire waveguide to a 15 pm wide waveguide within a
length of only 14 pm is designed. Measured insertion losses are below 1 dB in
an unprecedented 130 nm bandwidth, limited by the measurement setup,
with full 3D finite-difference time-domain (FDTD) simulations predicting a
bandwidth in excess of 300 nm. Furthermore, the device is well suited to feed
fiber-to-chip grating couplers, while requiring a footprint ten times smaller

than conventional adiabatic tapers.

1. Introduction

Chip graded-index (GRIN) materials enable a plethora of differ-
ent applications in optics such as light collimation,!'~*l waveguide
crossings,”?! sharp multimode bends,**! or invisibility cloaks.!®!
Such materials can be implemented either through complex gray-
scale lithography or by using subwavelength gratings (SWG).
A subwavelength grating is a periodic dielectric structure with
a period shorter than the wavelength propagating through it,
thereby enabling the synthesis of metamaterials with a con-
trollable equivalent refractive index using a single lithographic
etch step.”] Uniform (non-graded) SWGs have been used to
demonstrate many high-performance devices in the silicon-on-
insulator (SOI) platform,”® including integrated biosensors,!*7
ultrabroadband waveguide couplers,'!) and narrowband Bragg
filters!'>13] among others. The anisotropy of such uniform SWGs
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has recently been exploited to achieve
advanced functionalities such as broad-
band behavior, control of evanescent
fields,® and high-performance po-
larization handling.'*'81 However, in
graded-index metamaterials, the advan-
tages of this intrinsic anisotropy remain
unexplored.

In this work we demonstrate the use
of an anisotropic SWG based GRIN ma-
terial to implement an ultracompact, ro-
bust, and efficient spot size converter
(Figure 1a). The GRIN profile is created
by continuously changing the duty cy-
cle (DC) of the SWG structure in the
lateral direction (Figure 1b). We develop
an anisotropic equivalent material model
that shows that the anisotropy shortens the length of the device
and enables a quick yet accurate way to design SWG based GRIN
materials. Our lens achieves a spot-size conversion of the funda-
mental TE mode from a 0.5 pm wide silicon wire to a 15 pm wide
waveguide in a total length of 14 pm, making it ten times shorter
than a conventional taper. Compared to state-of-the-art spot-size
converters24 we achieve an unprecedented 130 nm bandwidth
with measured insertion losses (IL) below 1 dB.

We furthermore show that the lens can be used to feed fiber-
to-chip grating couplers from standard SOI waveguides with low
losses. Indeed, the proposed GRIN lens SWG assisted spot size
converter exhibits an exceptional combination of reduced foot-
print and insertion losses, as well as large bandwidth and toler-
ance to fabrication errors.

2. Implementing the Anisotropic GRIN
Metamaterial

In a conventional isotropic GRIN lens, the refractive index profile
follows a parabolic distribution.?’!

WG; - nmax

2
n._.
Herin (X) = B V1 —a?x?, a= 1 1- ( m1n> )

where n, and n_, are the refractive index at the center and the
edges of the lens, wgpg,y is the width of the lens, and « is a parame-
ter which measures the curvature of the refractive index parabola.

From a ray optics point of view, an isotropic GRIN lens collimates
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Figure 1. a) Scanning electron microscopy (SEM) image of the proposed spot size converter prior to the deposition of the SiO, cladding. The device
converts the guided mode of a conventional 500 nm wide silicon wire to the fundamental mode of a 15 pm wide waveguide, with insertion losses below
1 dB. b) Schematic of the subwavelength structure. The shape of the silicon blocks a(x) synthesizes the required index profile of the GRIN lens. The

silicon dioxide cladding is not shown for clarity.

any paraxial input ray at a distance fy, = 7/2a.”" Therefore, the
design of a compact GRIN-lens-based spot size converter mainly
relies on increasing the curvature of the parabola, a, to shorten
the device length. However, the SWG structure exhibits an in-
trinsic anisotropy,!® so that the equivalent refractive index along
the z-direction differs significantly from the equivalent refractive
index along the x-direction. As we will show later, this does not af-
fect the device behavior, but significantly reduces its length when
compared with the isotropic case. To take the anisotropy into ac-
count, we estimate the collimation distance via electromagnetic
analysis of the modes of the structure, considering the GRIN lens
as a multimode gradual index waveguide. Specifically, the colli-
mation distance can be expressed as/?°!

4o

f =L£ R ———
o > 4 (neffo - neﬂ'l)

2)

where n.q, and n.g, are the effective indices of the fundamental
and first order modes, respectively. It can be shown that the colli-
mation distance is wavelength independent for a non-dispersive
parabolic GRIN material.¢!

The design parameters of an SWG based GRIN lens are (see
Figure 1b): i) the width of the multimode region, wgyy, which
enables us to reach the desired output beam width, ii) the shape
of the silicon blocks, a(x) = DC(x)A, which implements the re-
quired parabolic refractive index profile of the GRIN lens, and
iii) the period of the structure, A, which optimizes the bandwidth
behavior, as we will show later. First, we set wgpy = 16 pm, only
slightly wider than the desired output width to keep the curvature
« as high as possible. For periods large enough to be readily fab-
ricated, the device does not operate in the deep subwavelength
regime, so that the shape a(x) which synthesizes the required re-
fractive index profile depends on the period, A. Hence, both pa-
rameters have to be designed simultaneously. We consider peri-
odsintherange of A = 180 nmto A = 180 nm to fulfil fabrication
constraints and avoid Bragg reflections, respectively.

We now discuss the design process of the shape a(x) for an
intermediate period (A = 240 nm) and illustrate our anisotropic
GRIN homogenization approach. We assume that the local equiv-
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alent refractive index at any position x, along the GRIN lens
(Figure 1b), is given by the equivalent refractive index of an
x-invariant SWG waveguide with the same duty cycle and period
(Figure 2: Inset). The core of this SWG structure can be ap-
proximated by a homogeneous anisotropic uniaxial material with
permittivity tensor &(DC) = diag[n? (DC), niy(DC), n? (DC)e
which, for a given period, depends only on the duty cycle. There-
fore, we can calculate a look-up table which maps a desired
refractive index into its corresponding duty cycle as follows.
First, we obtain n,, (DC) by computing the effective index of the
fundamental x-polarized Floquet—Bloch mode propagating along
the z-direction in the structure shown in the inset of Figure 2 (the
blue arrow indicates the propagation direction). The equivalent
index n,, is then given by the refractive index of a homogeneous
isotropic slab waveguide whose fundamental TE mode has the
same effective index as the Floquet-Bloch mode. Then, we obtain
n,,(DC), by proceeding analogously with the z-polarized Floquet
mode propagating along the x-axis (Figure 2: Inset, red arrow).
For illustration purposes in this figure we assume a 220-nm-thick
SOI platform at 4, = 1.55 pm and, referring to Figure 1b, a typ-
ical tip width Ly;, = 50 nm on the edge of the lens, and a MFS,
of 80 nm in the center. Note that in the Supporting Informa-
tion we demonstrate the proposed methodology for other silicon
thicknesses. These values yield a duty cycle range from DC,
Ly;,/A ~ 0.2t0 DC,,,, =1 = MFS¢ /A = 0.65, obtaining the look-
up table relations shown in Figure 2. We then impose that n,, (x)
follow the parabolic law in Equation (1) and use the look-up table
to obtain both the shape of the silicon blocks, a (x) = DC(x)A, as
well as the value of n,, implemented by this duty cycle.

To validate our model, we compare 3D-FDTD simulations
of the periodic lens structure (Figure 3a) with a homogenous
anisotropic lens (Figure 3b) and a homogenous isotropic lens
(Figure 3c), when they are illuminated by 3 x 0.22 pm? (width by
height) Gaussian beam. In the periodic lens structure the periods
are shaped as determined by the algorithm presented in Figure 2.
In Figure 3 we have indicated with a black dashed line the dis-
tance where the beams have been fully expanded and collimated.
Three important conclusions can be drawn from Figure 3: i) the
proposed structure works as a spot size converter (Figure 3a),
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Xo, (marked as @) we refer to a look-up table (marked as

the structure shown in the inset, obtaining the shape a(xy) (marked as @). This in turn

imposes the value of n,, (xy) (marked as @). Inset: Schematic of the periodic structure
used to calculate both polarizations of the look-up table. Typical SOI values, ng; = 3.476,

Nsiop = 1.444, h = 0.22 ym, and a period A = 0.24 ym are assumed.

ii) it can be accurately homogenized as an anisotropic graded-
index metamaterial (compare Figure 3a,b), and iii) the isotropic
homogenization does not emulate the z-periodic structure behav-
ior (compare Figure 3a,c). Note that the formula fp, = 7/(2a),
with a as defined in Equation (1), predicts a 17 pm collima-
tion distance for the isotropic approach, close to the simulated
isotropic value. Otherwise, by computing the effective indexes of
the two lowest order modes of the gradual anisotropic waveg-
uide (Figure 3b) and applying Equation (2), a 12 pm collima-
tion distance is obtained, very close to the 11 pm of the periodic
structure. Therefore, the anisotropic model can be used to de-
sign the proposed GRIN lens with an anisotropic mode solver
which is much faster than 3D-FDTD simulations. A similar anal-
ysis to the one performed in Figure 3 has been carried out for
the transverse magnetic (TM) mode in the Supporting Informa-
tion, showing that the metamaterial still works as a spot size
converter, but requires a longer device, since TM polarization
does not benefit from the anisotropy mediated shortening of the
collimation distance.*%l

3. Numerical Optimization of the GRIN Lens Spot
Size Converter

We now design the shape of the silicon blocks a(x) using the
anisotropic model outlined in the previous section to seek a
short, robust, and broadband GRIN lens. Figure 4a shows the
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MFS. = (1 — DC,,,)A for different periods in the
range A = 180nm to A = 260 nm. In these sim-
ulations, we fixed the lens width wgy = 16 pm
and the tip width Ly, = DC,;,A = 50nm (Fig-
ure 1b), that is, we maintained n,_;, while chang-
ing n,,. Note that each value of MFS. im-
plies a different refractive index profile ngg;y (%),
and therefore also a different shape of the sili-
con blocks a(x) (Figure 4a: Inset). This calcula-
tion has been carried out by using the proposed
anisotropic GRIN model to calculate the modes
of the multimode gradual index anisotropic wave-
guide and then applying Equation (2) to esti-
mate the collimation distance. Figure 4a reveals
that the minimum collimation distance, marked
with a dot for each period, is not achieved when
the ratio n, /n,;, is maximum (DC_, =1=
MEFS. = 0) as would be the case in an isotropic
GRIN lens (see Equation (1)). This behavior is
auspicious because it implies that the optimum
MFS. for a shorter device depends on the pe-
riod and it is in the range of 50-90 nm. A
flatter curve around the design point in Fig-
ure 4a indicates that the device will be more tol-
erant to fabrication errors. We then calculate the
wavelength dependence of the collimation dis-
tance assuming its optimum MFS for each pe-
riod (Figure 4b). Although longer periods im-
ply a shorter collimation distance, the equivalent
metamaterial becomes more dispersive at shorter wavelengths,
because of the proximity to the Bragg regime. The metamate-
rial dispersion changes the collimation distance as shown in Fig-
ure 4b, thereby detuning the device and increasing the insertion
losses at short wavelengths. Therefore, from Figure 4a,b we con-
clude that the period should be set to 240 nm with a minimum
feature size MFS. ~ 80 nm in the center, achieving a flat disper-
sion behavior with a fabricable MFS. Finally, we refine the length
of the GRIN lens via 3D-FDTD simulations, obtaining a final lens
length of 10.5 pm, just 1 pm shorter than the anisotropic esti-
mation. If we excite the designed z-periodic GRIN lens directly
from the 0.5 pm width photonic wire waveguide (butt-coupling),
the insertion loss of the device is about 2 dB at the central wave-
length. To improve the lens performance, we have designed a
short (15 periods long) input taper, as it is shown in Figure 1la.
The role of this taper is twofold: i) To provide a smooth transition
between the input silicon wire and the z-periodic structure, and
ii) to ensure that the higher order modes of the lens are not ex-
cited. Note that the beam collimation condition of a GRIN lens
requires the paraxial approximation,®®! which is not satisfied for
such higher order modes. To design the input taper we apply a
two-step procedure: First, we determine, by using 3D-FDTD sim-
ulations, the minimum length of the taper to assure negligible
transition losses and back-reflections between the photonic wire
at the input and the GRIN metamaterial. In this step, we keep
the output taper width constant. Second, we optimize the output
width of the taper to minimize the insertion loss of the whole
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Figure 3. Schematic of the structure (left) and real part of the 3D-FDTD simulated main component of the TE polarized electric field propagation,
Re{E, (x z)}, along the proposed GRIN lens (right) implemented with: a) a z-periodic SWG structure, b) a gradual anisotropic material, and c) a gradual

isotropic material.

device. With this two-step approach, we achieve a reduction of
the simulated insertion loss from 2 dB (butt-coupling) to 0.5 dB
(with optimized adaptation taper). Final device dimensions are
summarized in Table 1. In Figure 5a we show the simulated IL
of the resulting spot size converter, achieving IL <1 dB in a band-
width exceeding 300 nm.

4. Fabrication and Characterization

In order to experimentally demonstrate the proposed structure, a
set of SWG GRIN lens spot size converters have been fabricated
in a 220 nm thick SOI platform. The buried oxide (BOX) and the
upper SiO, cladding are 2 pm and 2.2 pm thick, respectively.?”]
The spot size converter has been fabricated with the nominal pa-
rameters (Table 1) and +10% duty cycle offsets to study the tol-
erances of the device. We included a set of back-to-back lenses
cascaded multiple times to obtain the insertion loss of one GRIN
lens (cutback configuration).

Light from a tunable laser (Agilent 81600B) connected to a
lensed polarization maintaining fiber (PMF) is coupled into the
chip using an SWG edge coupler.?3% The PMF is mounted on
a rotatory stage, which, together with a Glan-Thompson polar-
izer at the output allows us to control the polarization on the
chip. At the chip output, light is focused onto a photodetector
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(818-IR) using a microscope objective. The transmission spec-
trum is measured by sweeping the wavelength of the tunable
laser while recording the output power. Figure 5b shows the nor-
malized measured output power at the central wavelength of the
measured band (4 = 1.58 pm) as a function of the number of cas-
caded lenses. Insertion losses below 1 dB of are achieved even
with a +10% offset in the duty cycle, indicating a good tolerance
to fabrication deviations. As a reference, a conventional linear ta-
per with a length of 150 pm exhibits comparable insertion losses
of ~1 dB. Figure 5a draws the simulated (dashed blue line) and
measured (solid blue line) insertion losses of the nominal SWG
GRIN lens spot size converter. Spurious reflections have been re-
moved using the minimum phase technique.?!! These measure-
ments confirm that our device shows an excellent performance
in terms of insertion losses, with IL < 0.6 dB at the central wave-
length, maintaining the IL < 1 dB in a bandwidth from 1.51 to
1.64 pm limited by our setup, extending beyond 1.8 pm accord-
ing to our simulations. In Table 2 we summarize the main char-
acteristic of state-of-the-art spot-size-converters (SSC) in the SOI
platform. To compare different expansion ratios, (ER = w,,/w,,),
we use the normalized expansion ratio (NER).[*’]

Wout / Wiy

NER (1) = — E

-IL(A) = ER - IL(A) 3)
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Figure 4. a) Collimation distance as a function of the gap in the cen-
ter of the lens (MFS¢) calculated for different periods as obtained
through modal analysis of the homogenized anisotropic structure. Inset:
Schematic of the period shape variation when changing the MFSc main-
taining wggy and L. b) Collimation distance dispersion assuming the
optimum MFS¢ for each period (marked with solid circles in Figure 4a).

Table 1. Geometrical parameters of the proposed spot-size converter.

GRIN lens Werin = 16 pm A =240nm
Lyip =50 nm a(x): see Figure 2

MFSe =80nm 44 periods

Input taper A =240nm DC = 0.65

WinTaper = 0.5 pm WoutTaper = 2:5 pm

15 periods

where w,,,, and w,, are the widths of the output and input waveg-
uides, L is the length of the spot size converter, 1 is the wave-
length of the propagating light, and IL are the insertion losses
(in linear scale). The first term of Equation (3), (ER), defines the
expansion ratio normalized to the electrical length of the beam ex-
pander. As a reference, for a Gaussian beam propagating through
a homogeneous anisotropic material, this term can be calculated

—_ 4.2, . . .
as ER = === This expression can be considered as an upper
-

limit for the NER of a beam expander (see Supporting Informa-
tion). Our lens provides an excellent NER over an extremely broad
bandwidth compared to the state-of-the-art.

As a further validation, we have used our spot size converter
to feed a pair of grating couplers in a back-to-back configura-
tion (Figure 6a,b: Inset). Note that opposed to beam expansion
in a free space slab, which results in a curved phase-front and
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Figure 5. a) Insertion losses as a function of the wavelength for the nom-
inal SWG lens design (blue lines). Measurements were performed using
a back-to-back configuration, so measured insertion losses are divided by
two. Our measurement setup is limited to the 1.51 pm < A < 1.64 pm
wavelength range. b) Measured transmitted power as a function of the
number of GRIN lenses at 4 = 1.58 ym Three different structures have
been characterized: the nominal design and two lenses with duty cycle off-
sets of +10%, respectively.

Table 2. Performance of some state-of-the-art spot size converters.

Structure IL[dB] BW[nm] w,, [pm] ER L[pm] NER[4,] Ref
Seg. taper <12 N/A 23 43 152 3.73 [19]
Lens assisted taper <1 80 10 22 21 1.32 [20]
Seg. taper <1 50 12 24 20 1.86 [27]
Adiabatic taper <1 N/A 12 24 150 0.24 [22]
Semi lens <1 50 10 20 10 2.85 [23]
Hollow taper 1.4% 4323 152 502 60% 0.99  [24]
This work <1 130 15 30 15 2.90 -

2 Simulation results.

thus requires specialized focusing grating couplers,®? our spot
sizes converter creates a flat phase-front and can therefore di-
rectly replace an adiabatic taper. In this case, the measurement
setup changes slightly: light from the laser is now coupled into
a conventional SMF-28 fiber and the polarization is set to the
desired TE state using a polarization controller (Agilent 8169A).
Figure 6b compares the measured power when gratings are fed
with a 150 pm linear taper and with our spot size converters.
In terms of insertion losses the designed GRIN lens shows a
behavior similar to a linear 150 pm long taper, even when cou-
pling to a grating coupler that is specifically designed for the lat-
ter. For the nominal GRIN lens, we observed comparatively high
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Grating coupler

Figure 6. a) SEM image of the transition from a conventional 0.5 pm wide
silicon wire waveguide to a 15 pm wide grating coupler, through the SWG
GRIN lens spot size converter. b) Measured wavelength response of a
surface grating coupler fed with: a conventional 150 pm length linear ta-
per (red line) and the SWG GRIN lens expander (blue line). The curves
have been normalized to the maximum coupling efficiency of the red curve
to facilitate the comparison. Inset: Schematic of the back-to-back grating
coupler configuration, fed with a pair of the SWG GRIN lens spot size
converters.

back-reflections of 14% due to the index mismatch between the
lens and the grating. The back-reflections can be reduced by
adding a properly designed transition between the GRIN lens
and the grating coupler.*®] In this case, the +15% duty cycle offset
GRIN lens yields a reduction of back-reflections to 8%, without
significant impact on insertion losses.

5. Conclusion

We have reported a compact spot size converter based on an
anisotropic GRIN lens based on an SWG metamaterial struc-
ture. The proposed device expands a TE field profile 30 times
over a distance of only 14 pm, with insertion loss under 1 dB
in a measured bandwidth of 130 nm, while simulation predicts
a bandwidth in excess of 300 nm. Compared with state-of-the-art
devices, our lens achieves an excellent expansion ratio with out-
standing bandwidth and is robust to fabrication errors. The de-
vice has been utilized to feed a grating coupler with compelling
results. Our anisotropic homogenization strategy enables fast yet
accurate simulations of the GRIN metamaterial and we believe
that it opens up promising new routes for on-chip light handling.
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