Ultracompact GRIN lens based spot size converter
using subwavelength grating metamaterials
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Graded index materials offer virtually complete control
over light propagation in integrated photonic chips but
can be challenging to implement. Here we propose an
anisotropic graded index metamaterial synthesized with
fully etched silicon subwavelength structures. Based on
this material, we design a spot size converter that expands
the mode field from a 0.5 pm wide silicon wire waveguide
to a 15 um wide waveguide within a length of only ~14 pm.
Measured insertion losses are below 1 dB in an
unprecedented 130 nm bandwidth, limited by our
measurement setup, with full 3D-FDTD simulations
predicting a bandwidth in excess of 300 nm. We
furthermore demonstrate that the device is ideally suited
to feed fiber-to-chip grating couplers, with a footprint ten
times shorter than conventional adiabatic tapers.
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1. Introduction

On chip graded index (GRIN) materials enable a plethora of
different applications such as light collimation[1,2], sharp
multimode bends [3,4], polarization beam splitters [5], and
invisibility cloaks [6]. Such materials can be implemented either
through complex grey-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
controllable equivalent refractive index using a single lithographic
etch step [7]. Uniform (non-graded) SWGs have been used to
demonstrate myriad high-performance devices in the silicon-on-
insulator (SOI) platform [8], including integrated biosensors [9],
ultrabroadband waveguide couplers [10] and narrowband Bragg
filters [11,12] among others. The anisotropy of such uniform SWGs
has recently been exploited to achieve advanced functionalities

such as broadband behavior [13], control of evanescent fields [14],
and high performance polarization handling [15-17]. However, in
graded index metamaterials, the advantages of this intrinsic
anisotropy remain unexplored.
In this work we demonstrate the use of an anisotropic SWG based
GRIN material to implement an ultracompact, robust and efficient
spotsize converter [see Fig. 1 (a)]. The GRIN profile is implemented
by continuously changing the duty cycle of the SWG structure in the
lateral direction [see Fig. 1 (b)]. 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 from a 0.5 pum 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 other advanced spot-size
converters [18-21] we achieve an unprecedented 130 nm
bandwidth with measured insertion losses (IL) below 1 dB.
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Fig. 1. a) Scanning Electron Microscope (SEM) image of the proposed
spot size converter prior to the deposition of the SiOz cladding. The
device converts the guided mode of a conventional 500nm 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
gradual index profile of the GRIN lens. The silicon dioxide cladding is not
shown for clarity.




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 footprint and
insertion losses, as well as large bandwidth and tolerance to
fabrication errors.

2. Implementing the anisotropic GRIN metamaterial

In a conventional isotropic GRIN lens, the refractive index profile
follows a parabolic distribution [22]:
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where n,,,, and n,,;,, are the refractive index at the center and the
edges ofthe lens,wg,;y isthe width ofthe lens and « is a parameter
which measures the curvature of the refractive index parabola.
From a ray optics point of view, an isotropic GRIN lens collimates
any paraxial inputray ata distance fr,, = w/(2a) [22]. Therefore,
the design of a compact GRIN lens-based spot size converter mainly
relies on increasing the curvature of the parabola, ¢, to shorten the
device length. However, the SWG structure exhibits an intrinsic
anisotropy [15], 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 affect the
device behavior, but significantly reduces its length when compared
with the isotropic case. To take the anisotropy into account, 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 collimation distance can
be easily derived as [23]:

Nerivn(X) =11 — a?x?,a =

Ao
4(nesro = Merpr)’
where ngg, and n.g; are the effective indices of the fundamental
and first order modes respectively.
The design parameters of an SWG based GRIN lens are [see Fig.
1(b)]: i) the width of the multimode region, wgg;n, which enable us
to reach the desired output beam width, ii) the shape of the silicon
blocks, a(x) = DC(x) - A, which implements the required
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 wggy = 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 fabricated, the
device does not operate in the deep subwavelength regime, so that
the shape a(x) which synthesizes the required refractive index
profile depends on the period, A. Hence, both parameters have to be
designed simultaneously. We consider periods in the range of A =
180 nm to A = 260 nm to fulfil fabrication restrictions 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.
Our basic assumption is that the local equivalent refractive index at
any position x, along the GRIN lens [see Fig. 1(b)], is given by the
equivalent refractive index of an x-invariant SWG waveguide with
the same duty cycle and period [see Fig. 2: Inset]. The core of this
SWG structure can be approximated by a homogeneous
anisotropic uniaxial material with permittivity tensor e(DC) =
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Fig. 2. To implement the equivalent refractive index ny,(x,) =
ngrin (Xo) at any position x,, (marked as (1)) we refer to a look-up
table (marked as @) constructed by analyzing the structure shown in
the inset, obtaining the shape a(xy) (marked as @). This in turn
imposes the value of n,, (x,) (marked as @). Inset: Schematic of the
periodic structure used to calculate both polarizations of the look-up
table. Typical SOI values, ng; = 3.476, ngjo, = 1.444, h = 0.22 um
and a period A = 0.24 um are assumed.

diag[n2,(DC), nZ,(DC),nZ,(DC)] [15] which, for a given period,
depends only on the duty cycle. Therefore, 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 mode propagating along the z direction in the structure
shown the inset of Fig. 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
mode. Then, we obtain n,, (DC), by proceeding analogously with
the zpolarized Floquet mode propagating along the xaxis (Fig. 2:
Inset, red arrow). For illustration purposes in this figure we assume
a 220 nm thick SOI platform at A, = 1.55 um and, referring to Fig.
1(b), a typical tip Lti, = 50 nm on the edge of the lensand a MF S
of 80 nm in the center, implying a DCyj, = Lrjp/A ~ 0.2 and
DCphax =1 —MFSc/A ~ 0.65, obtaining the look-up table
shown in Fig. 2. We then impose that n,, (x) follow the parabolic
law in Eq. (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 [Fig. 3(a)] with a homogenous anisotropic
lens [Fig. 3(b)] and a homogenous isotropic lens [Fig. 3(c)], when
they are illuminated by 3 X 0.22 um? (width by height) gaussian
beam. In the periodic lens structure the periods are shaped as
determined by the algorithm presented in Fig. 2. In Fig. 3 we have
indicated with a black dashed line the distance where the beams
have been fully expanded and collimated. Three important
conclusions can be drawn from Fig. 3: i) the proposed structure
works as a spot size converter [Fig. 3(a)], ii) it can be accurately
homogenized as an anisotropic graded index metamaterial
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Fig. 3. Schematic of the structure (left) and real part of the main
component of the electric field propagation, Re{E, (x, z)}, along the
proposed GRIN lens (right) implemented with a) a zperiodic SWG
structure, b) a gradual anisotropic material and c) a gradual isotropic
material.

[compare Fig. 3(a) and Fig. 3(b)], iii) the isotropic homogenization
does not emulate the z-periodic structure behavior [compare Fig.
3(a) and Fig. 3(c)]. Note that the formula fz,,, = 7/(2a), witha as
defined in Eq. 1, predicts a 17 um collimation distance for the
isotropic approach, close to the simulated isotropic value.
Otherwise, the collimation distance is accurately predicted by
computing the effective indexes of the two lowest order modes of
the gradual anisotropic waveguide [Fig. 3(b)] and applying Eq. (2),
yielding 12 pm collimation distance, very close to the 11 pm of the
periodic structure. Therefore, the anisotropic model can be used to
design the proposed GRIN lens with an anisotropic mode solver
which is much faster than 3D-FDTD simulations.

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 exposed in the previous section to seek a short,
robustand broadband GRIN lens. Figure 4(a) shows the collimation
distance as a function of the minimum feature size in the center of
the lens MFS: = (1 — D Cpax) A for different periods in the range
A =180nm to A = 260 nm. In these simulations, we fixed the
lens width wggiy = 16 pm and the tip length Ly, = DCryjn A =
50 nm [see Fig. 1(b)], i.e. we maintained n,;, while changingn, -
Note that each value of MFS¢ implies a different refractive index
profile nggrn (%), and therefore also a different shape of the silicon
blocks a(x) [see Fig. 4(a): Inset]. This calculation has been carried
out by using the proposed anisotropic GRIN model to calculate the
modes of the multimode gradual index anisotropic waveguide and
then applying Eq. (2) to estimate the collimation distance. Figure
4(a) reveals that the minimum collimation distance, marked with a
dot for each period, is not achieved when the ratio 1,4 /i, iS
maximum (DCp,.x = 1 - MFS¢ = 0) as would be the case in an
isotropic GRIN lens [see Eq (1)]. This behavior is auspicious because
it implies that the optimum M F S for a shorter device depends on
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Fig. 4.a) Collimation distance as a function of the gap in the center of the
lens (M F S¢) calculated for different periods as obtained through modal
analysis of the homogenized anisotropic structure. Inset: Schematic of
the period shape variation when changing the MFS; maintaining
Wegy and Lrjp. b) Collimation distance dispersion assuming the
optimum MF S, for each period (marked with solid circles in Fig. 4a)).

the period and it is in the range of 50-90 nm. A flatter curve around
the design point in Fig. 4(a) indicates that the device will be more
tolerant to fabrication errors. We then calculate the wavelength
dependence of the collimation distance assuming its optimum
MFS_ for each period [see Fig. 4(b)]. Longer pitches imply a shorter
collimation distance, but the response of the device is more
dispersive at short wavelengths because of the proximity to the
Bragg regime. Therefore, from Fig. 4(a) and 4(b) we conclude that
the period should be fixed to 240 nm with a minimum feature size
MFS. ~ 80 nm in the center, achieving a flat dispersion behavior
with a fabricable MFS. As shown in Fig. 1(a), the lens is excited via a
short (15 periods long) taper which has a dual purpose: i) it
provides index matching between the 500 nm wide silicon wire
waveguide and the subwavelength structure, ii) it slightly expands
the mode field profile from the input waveguide to ~ 2.5 um,
exciting fewer high order modes in the lens. Finally, we refine the
length of the GRIN lens via 3D-FDTD simulations, obtaining a final
lens length of 10.5 um, just 1 um shorter than the anisotropic
estimation. Final device dimensions are summarized in Table I. In
Fig. 5(b) we show the simulated IL of the resulting spot size
converter, achieving IL<1 dB in a bandwidth in excess of 300 nm.

WgriN = 16 um A =240 nm
GRIN lens Ltip=50nm a(x):seeFig.2
MFS: = 80 nm # periods= 44
A =240 nm DC = 0.65
Input taper WinTaper = 0.5 pm WoutTaper = 2.5 um
# periods= 15

Table I. Geometrical parameters of the proposed spot size
converter.




4. Fabrication and Characterization

In order to experimentally demonstrate the proposed structure, a
collection of GRIN lens SWG assisted spot size converters has been

fabricated in a 220 nm thick SOI platform. The buried oxide (BOX)
and the upper SiO, cladding are 2 pm and 22 pm thick
respectively [24]. The designed spot size converter has been
fabricated with the nominal parameters [Table I] and +10% duty
cycle offsets to study the robustness of the device. We implemented
a set of back to back lenses cascaded multiple times to obtain the
insertion losses 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 [25]. The PMF is mounted on a rotatory
mount, which, together with a Glan-Thompson polarizer at the
output allows us to control the polarization on the chip. At the chip
output, light is focused onto a photodetector (818-IR) using a
microscope objective. The transmission spectrum is measured by
sweeping the wavelength of the tunable laser while recording the
output power. Figure 5(a) shows the normalized measured output
power at the central wavelength of the measured band (1 =
1.58 pm) as a function of the number of cascaded lenses. Note that
lessthan 1 dB insertion losses are attained even witha +10% offset
in the duty cycle, indicating a good tolerance to fabrication
deviations. Figure 5(b) 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
removed using the minimum phase technique [26]. From this
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Fig. 5. a) Measured transmitted power as a function of the number of
GRIN lenses at A = 1.58 um. Three different structures have been
characterized: the nominal design and two lenses with duty cycle offsets
of +10% respectively. b) Insertion Losses as a function of the
wavelength for the nominal 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
islimited tothe 1.51 pm < 4 < 1.64 pm wavelength range.

setup we conclude that the device shows an excellent performance
in terms of: i) insertion losses, with IL<0.6 dB at the central
wavelength, ii) bandwidth, with IL<1 dB from 1.51 to 1.64 pm
limited by our setup, extending beyond 1.8 um in simulation. In
table II we summarize the main characteristic of state-of-the-art
spot-size-converters (SSC) in the SOI platform. To compare
different expansion ratios, (ER = wg,/w;,), we use the
Normalized Expansion Ratio (NER) [20]

Wout/Win

L/2

where w,,; and wj, are the widths of the output and input
waveguides, L is the length of the spot size converter, A is the
wavelength of the propagating light and IL are the device insertion
losses in linear scale. Our lens provides an excellent NER over an
extremely broad bandwidth compared to the state-of-the-art.

NER(A) = <IL(A), (3)

IL BW L NER
Structure ER Ref.
(dB) | (hm) (um)| (Ag)
Seg <1 50 24 | 20 | 186 | [18]
Taper
Adiabatic |, 1 Na | 04 | 150 | 024 | [19]
Taper
Semi <1 50 20 | 10 | 285 | [20]
Lens
Hollow 1y 4 | 43¢ | 50¢ | 60* | 09* | [21]
Taper
This <1 | 130 | 30 | 15 | 290 | -
work
Table II. Performance of some state-of-the-art spot size
converters (*Simulation results).

As a further validation, we have used our spot size converter to feed
a pair of grating couplers in a back to back configuration [see Fig.
6(a) and Fig. 6(b): Inset]. 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). To
measure the output level, a power meter has been used (Agilent
81634B). Figure 6(b) compares the measured power when
gratings are fed with a 150 pum linear taper and with the proposed
spot size converters. The designed GRIN lens shows a similar
behavior in terms of insertion losses that the linear 150 pm taper
even with a grating coupler which has been designed to be coupled
from a conventional waveguide and not for a GRIN lens. For the
nominal GRIN lens, we observed comparatively high back-
reflections of 14% due to the index mismatch between the lens and
the grating. The back-reflections can be decreased by adding a
properly designed transition between the GRIN lens and the grating
coupler [27]. In this case, the +15% duty cycle offset GRIN lens
yields a reduction of back-reflections to 8%, without significant
impact on insertion losses.

4. Conclusion

In conclusion, we have reported a compact spot size converter
based on an anisotropic GRIN lens implemented via a SWG
structure. The proposed device expands the field profile thirty times
(from a 0.5 pm width silicon wire to a 15 pm width waveguide)
over a distance of only 14 pm with IL 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



Taper GRIN lens

—
I TV

I FSEEEEEEE e byt

Spot size converter Grating coupler

b) 0 —GRIN lens "

— 150 pm linear taper

N

\
N

o)

Normalized Power (dB)

O,
1.53 1.54 1.55 1.56 1.57
A (um)

Fig. 6.a) SEM image of the transition from a conventional 0.5 um width
silicon wire to a 15 pm width grating coupler, through the proposed
GRIN lens spot size converter. b) Measured wavelength response of a
surface grating coupler fed with: i) a conventional 150 pm length linear
taper (red line) and ii) the proposed GRIN lens expander (blueline). The
curves have been normalized to the maximum coupling efficiency of the
150 pm length linear taper fed grating structure to facilitate the
comparison. Inset: Schematic of the back to back grating coupler
configuration when feeding with a pair of the proposed GRIN lens spot
size converters.

achieves an excellent expansion ratio with outstanding bandwidth
and robustness to fabrication errors. The device has been proposed
to feed a grating coupler with compelling results. Moreover, the
anisotropic homogenization model proposed enables fast yet
accurately simulations of the GRIN metamaterial. We believe that
this methodology opens up new routes for on-chip light handling.
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