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Abstract: Subwavelength metamaterials exhibit a strong anisotropy that can be leveraged to
implement high-performance polarization handling devices in silicon-on-insulator. Whereas
these devices benefit from single-etch step fabrication, many of them require small feature sizes
or specialized cladding materials. The anisotropic response of subwavelength metamaterials can
be further engineered by tilting its constituent elements away from the optical axis, providing an
additional degree of freedom in the design. In this work, we demonstrate this feature through
the design, fabrication and experimental characterization of a robust multimode interference
polarization beam splitter based on tilted subwavelength gratings. A 110-nm minimum feature
size and a standard silicon dioxide cladding are maintained. The resulting device exhibits
insertion loss as low as 1 dB, an extinction ratio better than 13 dB in a 120-nm bandwidth, and
robust tolerances to fabrication deviations.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Subwavelength gratings (SWGs) are periodic arrangements of alternating materials with a
pitch smaller than the wavelength of light propagating through them [1]. Since diffraction is
frustrated under these conditions, a SWG behaves as a metamaterial with a refractive index
and dispersive properties that can be lithographically engineered [2]. In silicon photonics, the
availability of high-resolution lithography techniques has enabled the use of SWGs in a wide
array of applications, ranging from high-performance fiber-to-chip couplers [3,4], to enhanced
photonic biosensors [5—7], advanced filters [8,9] and mid-infrared waveguide platforms [10].
The metamaterial synthesized by a SWG is strongly anisotropic, because the electric field
experiences different boundary condition depending on whether the subwavelength segments
are oriented parallel or perpendicular to the direction of propagation [2]. This property has
been exploited to demonstrate broadband beam-splitters [11] and to minimize coupling between
adjacent waveguides [12], but also finds direct application in on-chip polarization handling.
Polarization beam splitters and polarization rotators are key components for silicon photonics
chips, as they enable polarization diversity circuits that address the strong polarization dependence
of silicon waveguides [13]. High-performance polarization beam splitters can be implemented
using a variety of approaches including directional couplers [14,15], bi-level tapered waveguides
[16,17], and partially etched multimode interference couplers (MMIs) [18]. These complex
fabrication requirements can be circumvented by exploiting the anisotropic properties of SWGs,
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hence enabling the design of single etch polarization beam splitters for a variety of silicon
thicknesses with remarkable performance [19-21]. While SWG-based splitters with extinction
ratios (ER) in excess of 20 dBs, insertion losses (IL) well below 1 dB and bandwidths in excess
of 150 nm have been reported, they often exhibit sub-100-nm minimum feature sizes (MFS) and
use specialized cladding materials, such as SU-8, to achieve a good filling of the small gaps
between the subwavelength elements [21]. However, for many silicon opto-electronics platforms,
feature sizes of at least 100 nm are required and silicon dioxide is preferred as a cladding material
[22-24].

Recently, we proposed tilted gratings as a novel approach for engineering the anisotropic
properties of SWG metamaterials [25]. Tilting each individual segment of a SWG waveguide
away from the transverse direction significantly modifies TE effective refractive index, whereas
TM mode remains almost unaffected. This principle was leveraged in the theoretical design of an
MMI polarization beam splitter [26], resulting in a compact device under 100 um long. Tilted
SWGs were also applied to a polarization-independent monomode waveguide [27], achieving
a birefringence under 6.1073 in a 100-nm bandwidth around a central wavelength of 1550 nm.
However, both devices had, so far, only been proposed theoretically.

Building on our theoretical work in [26], here we experimentally demonstrate, for the first
time, material anisotropy engineering with tilted subwavelength segments in a polarization beam
splitter. We furthermore show that the additional degree of freedom gained from tilting the
elements enables feature sizes larger than 100 nm and can compensate incomplete filling of the
subwavelength gaps with the silicon dioxide cladding. Our device exhibits IL below 1 dB and
an ER better than 13 dB in a 120-nm bandwidth, thus exceeding the requirements for optical
communications in the full C and L bands [28].

2. Design

Our device, illustrated in Fig. 1, is based on an MMI composed of tilted subwavelength segments.
When the fundamental modes with TE (horizontal) and TM (vertical) polarization are launched
into input 1, the self-image of the TE polarized mode is formed at output 2, while the TM
polarized mode is imaged at output 3. This requires a specific relation between the beat lengths
of both polarizations, LI™ and LTE: (2m — 1)LIM = 2nLTE, where m and n are integers [29].
Tilting the SWG segments an angle 6 with respect to the transversal direction (x) enables us to
modify the anisotropy of the resulting equivalent medium [25], thereby achieving the required
relation between LM and LTF even with m=n=1 (that is, LM = 2LTE), which is the shortest
possible configuration. To ensure a smooth transition between the interconnecting waveguides
and the tilted SWG region, and hence minimize back reflection (BR), the SWG segments of the
input and output tapers are rotated progressively as illustrated in Fig. 1(a). Additionally, these
tapers also widen the input waveguides to control the number of modes that are excited in the
multimode region. By means of 3D-FDTD simulations in a back to back configuration, we
estimate a transition taper length of L; = 13 um (50 periods) for a transition with negligible loss
and back reflections between the homogeneous and periodic structures. Then, the taper final
width (W) is tuned to optimize MMI mode excitation, hence minimizing IL and BR of the full
device. An optimum value of W;=1.5 um is obtained.

The duty-cycle of the SWG structure is kept constant along the whole device, with a value
of 50% to maximize MFS and facilitate fabrication. The SWG period is optimized to A =220
nm to maximize the bandwidth of the device, resulting in an MFS of a =5 =110 nm for both
the silicon segments and the gaps [see Fig. 1(a)]. In our previous work in [26], we assumed
a complete filling of the gaps with the silicon dioxide cladding. The beat lengths for both
polarizations were calculated from the effective indices of the Bloch modes of the segmented
structure for different tilt angles. Bloch modes were calculated using the procedure described
in [30]. The results showed that the tilt angle that yields the desired relation between L’ and
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Fig. 1. (a) Schematic of the multimode interference coupler-based polarization beam splitter
and a top view of the multimode region (inset); (b) layer structure of the device; and (c)
scanning electron microscope image of output port 2 of the polarization beam splitter for a
tilt angle of 15°. The image was taken prior to the deposition of the SiO, cladding.

LTE was between 7° and 9°for a wavelength of 1.55 pm and a 220-nm-thick silicon layer (H).
Further optimizations through iterative 3D-FDTD simulations resulted in an optimized design
with a tilt angle of 7° and a length of 92.4 um comprising 417 periods [26]. The remaining
dimensions of the device are summarized in Table 1. As illustrated in Fig. 2(a) the device achieves
a simulated bandwidth of 130 nm for IL below 1 dB and ER better than 20 dB. Here, IL and
ER are defined as ILTF = 10 log(PlTE/PgE), IL™ =10 log(PlTM/PgM), ERTE = 10 log(PgE/PgE),
ER™ =10 log(PSTM / PgM ), where PI.TE and PiTM are the power in the fundamental TE and TM
polarized modes in waveguide i [see Fig. 1(a)]. The simulations are carried out with a commercial
3D-FDTD software [31], using a carefully optimized grid of 17 nm and 11 nm in the y and z
directions, respectively, to ensure that the tilted segments are properly sampled. Owing to the
relatively large width of the device, a more relaxed and angle dependent grid equal to grid, /tan(6)
can be used in the x direction. The simulation window is 5.6 um wide in the x direction and 2.8
um high in the y direction.

Table 1. Optimized parameters of the MMI-based PBS when the cladding fully penetrates the gaps
between the silicon segments and when a thin air layer is present.

Parameter Gaps fully-filled with SiO; Gaps with SiO; and a 55-nm air layer
Silicon thickness (H) 220 nm
Tilt angle (0) 7° 15°
MMI length (Lyspr) 92.4 um 91.1 um
Number of periods (N) 417 400
Period (A) 220 nm
Duty cycle (DC) 50%
MMI width (Wppr) 4 um
Transition taper final width (Wy) 1.5 um
Transition taper length (L) 13 pm
Transition taper number of periods (Ny) 50
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Fig. 2. (a) Simulated insertion losses (IL) and extinction ratio (ER) of the polarization
beam splitter with a 7° tilt and without considering any air gap between the silicon segments.
(b) The inclusion of small air gaps results in a significant detuning of the device. (c) Device
performance can be restored by increasing the tilt angle to 15° tilt PBS. Dashed black lines
mark ER greater than 20 dB and IL below 1 dB. (d) Simulated beat lengths of TE and TM
modes for different tilt angles for an air gap depth of 55 nm.

However, this initial nominal design does not take into account incomplete filling of the gaps
with the silicon dioxide cladding, often observed in SWG structures [11]. This phenomenon
results in small air holes under the cladding sections, as illustrated in the inset of Fig. 2(b). These
holes will affect the TE and TM polarizations differently, breaking the desired relation between
the beat lengths (i.e. L™ # 2LF) and thus degrading device performance. In order to determine
the specific air gap depth present in our device, we considered an initial estimation of 60 nm
based on the findings of [11]. This parameter was incorporated into our FDTD simulation and
further refined by comparing simulation results with the experimental characterization of the
MMI nominal design (i.e. 0 =7°) while slightly varying said initial estimation, achieving the best
fit for a 55-nm air gap. Note that the effect of these air gaps depends mainly on the area of their
cross section and not on their specific shape [11], so rectangular holes were considered during
the simulation process. The situation is analyzed in Fig. 2(b), where a 55-nm air gap has been
included in the simulations, leaving all other device parameters unchanged. We observe that the
beat length for TM polarization is not strongly affected: the device maintains an ER above 20
dB in the full 130-nm bandwidth, while IL are kept below 1.6 dB. This is expected since the
TM modes are only weakly confined in the vertical direction and thus are not strongly affected
by the air gap. Conversely, this perturbation has a stronger effect for TE polarization, resulting
in a significant reduction of the beat length and detuning the device. Since for TE polarization
SWG-based MMIs are furthermore almost wavelength independent [11], the device remains
detuned in the full 130-nm wavelength range, as shown in Fig. 2(b). Note that while the device
could be retuned for TE polarization by shortening its length, this would result in a detuning for
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TM polarization. Other approach to mitigate the oxide filling problem would be to increase the
period of the SWG structure, although this would entail reducing device bandwidth as the SWG
metamaterial gets closer to the Bragg regime.

In this work, we propose to solve this problem of incomplete cladding filling by adjusting
the tilt angle of the SWG segments, readily compensating the effect of the air holes. Indeed,
while the air gaps result in a reduction of beat length for TE polarization, increasing the tilt
angle reverses this effect. Critically, it does so while maintaining the 50% duty-cycle and the
large MFS of 110 nm. In order to determine the updated value of the tilt angle, the 55-nm air
holes were incorporated to the theoretical model, and the device was reoptimized following
the process disclosed in [26]. That is, beat lengths for both polarizations were calculated from
the effective indices of the Bloch modes of the segmented structure for different tilt angles.
As show in Fig. 2(d), the device can be re-tuned for an approximate tilt angle of 13°. Further
optimization through 3D — FDTD simulations leads to an optimum tilt angle of 0 =15° for
verifying the necessary relation between the beat lengths of both polarizations (LM = 2LTE),
The optimum number of periods changes slightly to 400, but all other geometrical parameters
remain unchanged, as shown in Table 1. The simulated performance of the device with a 6 = 15°
tilt angle and 55-nm air holes is depicted in Fig. 2(c), showing an ER in excess of 20 dB and IL
below 1 dB in the full 130-nm bandwidth. Negligible BR under -53 dB is also achieved within
the whole bandwidth.

3. Fabrication and experimental results

To experimentally evaluate the performance of the polarization splitter and the anisotropy
engineering properties of tilted SWG waveguides, a series of devices with different tilt angles
were fabricated. Silicon-on-insulator (SOI) wafers with standard 220-nm-thick silicon on top
of a 2-um buried oxide (BOX) were used [see Fig. 1(b)]. Waveguides were defined in a single
patterning step by electron beam lithography, and inductively coupled plasma reactive ion etching
was used to transfer the resist pattern into the silicon layer. A 3-pm silicon dioxide upper
cladding was deposited using a chemical vapor deposition (CVD) process. Note that even with a
1-um-thick cladding layer, the leakage losses of the weakly confined TM polarization are below
0.1 dB [26]. Figure 1(c) shows a scanning electron micrograph of the fabricated structure prior
to the deposition of the SiO, cladding.

For experimental characterization, a tunable laser operating in the wavelength range from
1.495 pm to 1.64 pm was used. The laser was connected to an in-line polarizer (to increase
the polarization extinction ratio), a polarization controller and a lensed fiber. Efficient sub-
wavelength grating edge couplers were used for fiber-to-chip coupling [4], which at the same
time reduces back-reflections thereby minimizing Fabry-Perot cavity effects. Output light was
collected and collimated with a x40 microscope objective and directed through a Glan-Thomson
polarizer to obtain a single polarization state before detecting the optical power with a photodiode.
Measurements were performed as follows: first, light was collected directly from the fiber tip,
using the input polarization controller and the polarizer at the output to align the polarization to
the horizontal or vertical state. In this configuration, we measured an ER between the horizontal
and vertical states in excess of 20 dB in the full bandwidth of the laser. The devices were then
measured for horizontal and vertical polarization. The ER was computed directly from the
measurements of each device, while the IL were obtained by normalizing to the transmission of a
reference waveguide for TE and TM polarization.

Our measurements confirm the presence of air holes in the cladding because, as predicted in
our simulation, the device with a 7° tilt angle exhibits a poor performance for TE polarization,
while an ER in excess of 20 dB is obtained for TM polarization. However, in accordance with
our simulations, increasing the tilt angle of the subwavelength segments compensates the effect
of the air holes, retuning the device. As shown in Fig. 3(a), the device exhibits IL below 1 dB for
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both polarizations in the 1520 nm to 1640 nm band, hence exceeding the C and L bands. An ER
well above 13 dB is obtained in this wavelength range. Both conditions are expected to continue
above 1640 nm, but our experimental setup was limited by the laser source tuneability range. It
should be noted that for applications in optical communications, an ER of this order entails only
minimal penalties, because they are readily compensated in digital signal processing [28]. In this
sense, IL are more critical, because they irremediably deteriorate the signal to noise ratio. Finally,
by further incorporating a circulator in the experimental setup, experimental BR were determined
to be under -30 dB, being this value limited by our measurement setup. Considering our setup
limitation, as well as an expected slight ER degradation between simulation and experimental
characterization, these results are in good agreement with the theoretical performance previously
reported in [26], which presented a bandwidth of 128 nm (IL < 1dB, ER > 20dB).
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Fig. 3. Measured insertion loss (IL) and polarization extinction ratio (ER) for a device with
a 15° tilt angle, 400 periods and a duty cycle of (a) 50% and (b) 60%. The geometrical
parameters are summarized

Previous theoretical analysis showed a good resilience of the device to fabrication deviations
[26], with a variation of + 5% in the duty cycle (i.e. + 11 nm deviation in the length of the
segments), leading to a just 1.5% reduction in the bandwidth of the device, maintaining ER
> 20 dB and IL < 1 dB. In order to experimentally validate this behavior, we fabricated and
characterized a design with a duty-cycle increase of 10% (i.e. silicon segments of 132 nm instead
of 110 nm). Although this change has virtually no impact on the ER, it does increase IL to about
2 dB for TM polarization and 2.5 dB for TE polarization [Fig. 3(b)]. Moreover, in order to
study tolerances against silicon layer thickness variations, 3D-FDTD simulations of the entire
device are performed, for which the grid is reduced to 10 nm in y direction. Even for thickness
variations of = 10 nm, well over current tolerances of photonic manufacturing processes, the
device preserves a good performance, with ER greater than 20 dB and IL better than 1 dB in a
bandwidth of 129 nm for TE polarization and 118 nm for the TM polarization.

In cases where a greater fabrication robustness is required, this problem can be solved by
modifying the number of periods of the MMI. We experimentally analyzed the robustness against
the aforementioned DC variation of different versions of the MMI with a modified number of
periods ranging from 380 to 430. Among these devices, the best robustness was achieved for 395
periods, as shown in Fig. 4. In Fig. 4(a) we show the experimental performance of a slightly
shorter device, with 395 periods instead of the nominal value (400 periods). We observe that
for TE polarization, the IL remain negligible, and that the ER increases slightly. The device
becomes slightly detuned for TM polarization, however, since it retains ER better than 13 dB
and IL increases with marginally higher IL of to 1.5 dB, but in a narrower bandwidth of 100 nm
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(Fig. 4(a)). Nevertheless, a greater resilience to DC variations is achieved, with a 22-nm increase
in the length of silicon segments having virtually no effect on the IL, and further improving the
ER (Fig. 4(b)).

(a) (b)
25 25— . —
N = 395, 50% duty cycle L N=39560% duty cycle
20 fens N e LT 20 = P G- W
—_ . s e e o ”-1 — ' e w3
215l A SN I 81sf , ~ v
o ,A _‘ 3 ,j o ;.:"' =
wqpp W o i w7
= 1 I
5 g . & L
0 0 At o Sl e T
1.5 152154 156 1.58 1.6 1.62 1.64 1.5 152154156 1.58 1.6 1.62 1.64
A (pm) A (pm)
[ IL-TE TS ER-TE =1vovss ER-TM |

Fig. 4. Measured insertion loss (IL) and polarization extinction ratio (ER) for a device with
a 15° tilt angle, 395 periods and a duty-cycle of (a) 50% and (b) 60%. The geometrical
parameters are summarized in Table 1.

4. Conclusions

In summary, we have experimentally demonstrated the ability to tune material anisotropy through
tilted subwavelength gratings in a broadband polarization beam splitter. This results in a device
with large minimum feature sizes (110 nm) that can be readily integrated in opto-electronic
CMOS platforms. Our device exhibits insertion losses below 1 dB and an extinction ratio better
than 13 dB in a 120-nm bandwidth, thus exceeding the requirements for optical communications
in the full C and L bands. The tilt angle of the subwavelength grating serves as an additional
degree of freedom that can be used to compensate the effect of voids resulting from incomplete
cladding filling. At the same time, fine tuning of the device length enables balancing performance
and fabrication tolerances. We believe that our approach will pave the way towards broadband
polarization splitters in silicon-photonics that can be readily incorporated into commercial
opto-electronic platforms.
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