
Optics & Laser Technology 164 (2023) 109493

Available online 25 April 2023
0030-3992/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Full length article 

Polarization insensitive metamaterial engineered multimode interference 
coupler in a 220 nm silicon-on-insulator platform 
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A B S T R A C T   

High-index contrast silicon waveguides exhibit strong birefringence that hinders the development of 
polarization-insensitive devices, especially for sub-micrometer silicon layer thickness. Here a polarization- 
independent 2 × 2 multimode interference coupler in a 220 nm silicon-on-insulator platform is designed and 
experimentally demonstrated for the first time. Leveraging the advanced control of electromagnetic properties 
provided by a subwavelength grating metamaterial topology, our multimode interference coupler operates for 
both TE and TM polarization states with measured polarization dependent loss, insertion loss and imbalance all 
less than 1 dB, and phase errors below 5◦ in the wavelength range from 1500 nm to 1560 nm. The device has a 
footprint of only 3.5 µm × 47.25 µm and was fabricated using a single etch-step process with a minimum feature 
size of 100 nm compatible with immersion deep-UV lithography.   

1. Introduction 

Silicon-on-insulator (SOI) is a well-established platform for imple-
menting advanced photonic integrated circuits (PICs) [1]. The high 
index contrast of SOI and the mature CMOS-compatible manufacturing 
processes enable the fabrication of compact and low-cost photonic sys-
tems such as datacom and telecom transceivers [2], biochemical sensors 
[3], programmable photonic processors [4], optical phased arrays [5] 
and quantum photonic devices [6], to name a few. Multimode inter-
ference couplers (MMIs) are fundamental building blocks in these sys-
tems, providing large operational bandwidths and a good tolerance to 
fabrication errors [7]. However, SOI MMIs employ highly birefringent 
waveguides, particularly in the multimode region, typically optimized 
only for the transverse electric (TE) modes, hampering the realization of 
polarization-agnostic devices. 

Polarization insensitivity is required in applications that use polari-
zation multiplexing or operate with light in a random state of polari-
zation [8]. One strategy for developing polarization-independent PICs is 
polarization diversity [9]. However, it usually requires almost twice the 
chip area and introduces additional insertion loss due to polarization 
splitters, rotators, and combiners. While square cross-section 

waveguides can be used to achieve zero-birefringence operation [10], 
this is not applicable in MMIs as they require a wide multimode wave-
guide. Polarization independence can also be achieved by using a 
particular multimode waveguide width for which TE and TM modes beat 
lengths are equal [11]. However, this strategy works only for silicon 
thicknesses above 300 nm [11], requiring new design approaches to 
achieve polarization insensitivity in standard 220-nm-thick SOI 
platform. 

Since their first demonstration in silicon photonics [12,13], SWG 
metamaterials have been extensively used to engineer both the refrac-
tive index and dispersion of silicon waveguides [14,15]. SWG structures 
have been successfully implemented to develop new types of waveguide 
crossings and MMI couplers [16,17,18]. Furthermore, the unique 
properties of SWGs have enabled the development of polarization 
management components such as polarization beam splitters [19,20], 
polarization-dependent Bragg grating filters [21] and polarizers [22]. 
SWG-engineered polarization-insensitive devices have also been 
demonstrated, including fiber-to-chip edge couplers [23], directional 
couplers [24], power splitters [25,26] and tilted non-birefringent 
waveguides [27]. 

Here we experimentally demonstrate, for the first time to the best of 
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our knowledge, a polarization independent 2 × 2 MMI coupler fabri-
cated on a conventional 220-nm SOI platform using a single full-etch 
step process. The device is based on a 2D periodic SWG metamaterial 
to achieve polarization agnostic performance in the wavelength range 
from 1500 to 1560 nm while maintaining a minimum feature size of 100 
nm compatible with deep-UV lithography. 

2. Working principle and design 

The device geometry is shown schematically in Fig. 1(a). It consists 
of a metamaterial multimode waveguide and transition tapers between 
conventional silicon wire interconnecting waveguides and SWG input/ 
output access ports. As depicted in Fig. 1(b), the SWG pattern is periodic 
in x and z directions with periods Λx and Λz, respectively. The period-
icities are created by interlacing silicon dioxide square holes of size a × a 
in a solid silicon waveguide core. The chessboard topology allows us to 
achieve polarization insensitivity using a simplified design process 
compared to generic bricked nanostructure based on variable longitu-
dinal shifting [28]. The width and length of the multimode waveguide 
are WMMI and LMMI = ΛzNMMI, respectively, where NMMI is the number 

of periods of the periodic MMI core in the propagation direction. The 
refractive indices of Si and SiO2 are 3.476 and 1.444 at λ = 1550 nm, 
respectively. 

Adiabatic transitions are used to adapt the silicon wire and SWG 
fundamental modes and to widen the access waveguides so the number 
of modes excited in the multimode region is restricted [29]. The tran-
sition comprises NT periods distributed over two sections with equal 
number of periods (NT/2). The first section converts the silicon wire into 
a conventional z-periodic SWG waveguide with period Λz while the 
second one introduces the x-periodicity by progressively shifting half of 
the SWG strips to achieve the proposed topology. This strategy also re-
duces possible Bragg reflections [28]. Both taper sections are linearly 
widened from the interconnection waveguide width of 500 nm to the 
access port width Wa, with the access ports being separated by a gap Ws. 

From self-imaging theory, it is possible to obtain the distance where 
the first two-fold image of an arbitrary input field profile is formed [7] 

LMMI =
3λ

4
(

n(0)
eff − n(1)

eff

) (1)  

Fig. 1. (a) Top view of the designed MMI device. (b) Proposed metamaterial multimode waveguide. (c) SEM image of the fabricated MMI prior to the deposition of 
the SiO2 top cladding. 

Fig. 2. (a) Equivalent strip waveguide with a homogeneous core material synthesized by using the chessboard patterned SWG metamaterial. (b) MMI length dif-
ference for TE and TM polarizations as a function of the equivalent refractive index neq. 
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where n(i)
eff is the effective index of the i-th mode for a given polarization. 

Ideally, a 2 × 2 MMI with length given by Eq. (1) equally splits the 
power entering by any input port with a relative phase shift of 90◦. For 
polarization insensitive operation, MMI lengths for TE and TM polari-
zations must match, i.e., L(TE)

MMI = L(TM)

MMI . Although this condition cannot 
be fulfilled using a 220 nm-thick solid-core multimode region, a judi-
cious design of the SWG metamaterial of Fig. 1(b) overcomes this lim-
itation, finally achieving a polarization agnostic device. 

We model the SWG multimode region as an equivalent homogeneous 
metamaterial with refractive index neq, as depicted in Fig. 2(a). The MMI 
width is set to WMMI = 3.5 µm, which yields good optical imaging 
properties (4 or more guided modes for both polarizations) and compact 
design. Based on this approximate model, we calculated the difference 
between the MMI lengths for TE and TM polarizations as a function of 
neq. As shown in Fig. 2(b), polarization insensitivity is achieved for an 
equivalent metamaterial index neq = 2.65 and the estimated MMI length 
is 34 µm. These calculations confirm that a polarization independent 
MMI can be obtained using a judiciously designed SWG metamaterial for 
the multimode region, as shown in Fig. 1(b). The geometrical parame-
ters of the SWG region (a, Λx and Λz) are determined as follows: We first 
impose a hole size of a = 100 nm to ensure fabricability. The MMI width 
is set to WMMI = 3.5 µm, as a compromise for good optical imaging 
(enough guided modes) and compact design. Then, we optimize the 
pitches Λx and Λz to minimize the absolute value of the MMI polariza-
tion length difference ΔL(Λx,Λz) = L(TE)

MMI − L(TM)

MMI , while ensuring a 
minimum feature size of 100 nm and avoiding the Bragg regime. Note 
that an estimate of ΔL can be obtained with a reduced computational 
cost using Eq. (1) and the MPB solver [30] to calculate the first two TE 
and TM modes of the periodic multimode waveguide. 

Fig. 3 shows L(TE)
MMI − L(TM)

MMI for sweeping the periods Λx and Λz, 
revealing multiple solutions satisfying the polarization independence 
condition. Our nominal design is marked in green, corresponding to Λx 
= 200 nm, Λz = 250 nm and LMMI = 32 µm, for WMMI = 3.5 µm and a =
100 nm. In this design, we opted for a minimum feature size of 100 nm, 
to ensure that the SWG operates far enough from the Bragg regime 
within the full wavelength range. Other designs with larger feature sizes 
are possible at the cost of a reduced bandwidth, limited by the proximity 
of the bandgap at shorter wavelengths. 

Then, the full device shown in Fig. 1(a) is simulated using the 3D 
FDTD simulator Meep [31], yielding the S-parameters of the full 4-port 
structure. The access ports taper dimensions are Wa = 1.6 µm, Ws = 400 
nm, and NT = 30. A small tuning of the number of periods in the z- 

direction of the MMI region is performed at this stage, finally obtaining 
NMMI = 129 (LMMI = 32.25 µm). Fig. 4 (a) and (b) show the TE and TM 
fields evolution, respectively, when one of the input ports is excited 
using a continuous wave source with a wavelength of λ = 1550 nm. It is 
clearly observed that the distance at which the double image is formed is 
identical for both polarizations, yielding polarization agnostic 
performance. 

3. Fabrication and experimental characterization 

The test structures were fabricated on an SOI platform with a 220 
nm-thick silicon layer and a 2 µm-thick buried oxide (BOX). Samples 
were patterned using electron beam lithography and then etched via 
anisotropic inductively coupled plasma reactive ion etching. A 2.2 µm 
SiO2 layer was deposited as the upper cladding. Fig. 1(c) shows a 
scanning electron microscope (SEM) image of the multimode waveguide 
and the output section of the fabricated MMI before the cladding 
deposition. To characterize the device, unbalanced Mach-Zehnder in-
terferometers (MZI) were fabricated incorporating two identical MMIs 
as power splitters. The length difference between the MZI arms was 100 
µm, corresponding to a free spectral range of 5 and 7 nm for TE and TM 
polarizations, respectively. Individual MMIs were also included on the 
chip to characterize the fabricated structures. Linearly polarized light 
from a tunable semiconductor laser was coupled to the chip using a 
lensed fiber and a broadband polarization-independent SWG edge 
coupler [23]. A fiber polarization controller was used to select the input 
polarization state. On the chip, the light was guided to the set of test 
structures, including the individual MMIs and unbalanced MZIs. Both 
outputs of MMI devices were routed to the chip edge and connected to 
SWG metamaterial output edge couplers. The light exiting the chip was 
collimated by a microscope objective, filtered by a Glan-Thompson 
polarizer, and intercepted by a germanium photodetector connected to 
a digital power meter. 

Several test structures were included in the fabricated chip with 
small variations in the geometrical parameters to compensate possible 
fabrication errors in the silicon layer thickness, MMI width, hole types 
and dimensions, and the effect of voids [32,18]. To estimate different 
types of design flavors to be included in the layout, we studied the 
variation in the number of periods of the MMI for an in-plane etching 
error of δ = ±5 nm, as well as the case of the holes not filled with SiO2 
cladding, as shown in Fig. 5. The results of this analysis are summarized 
in Table 1. It is observed that TE modes are more sensitive to fabrication 
errors compared to TM modes, and that tolerance to etching error can be 

Fig. 3. Difference between MMI lengths for TE and TM polarizations, and 
different periods Λx and Λz, a = 100 nm, WMMI = 3.5 μm, h = 220 nm, λ =
1550 nm. Nominal design is marked in green. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 4. (a) |Ex| field component of TE mode and (b) 
⃒
⃒Ey

⃒
⃒ field component of TM 

mode propagation along the MMI obtained by a 3D FDTD simulations forλ =
1550 nm. 
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increased by using circular holes instead of square topology. The best 
performance was obtained for the nominal design just with a small 
adjustment of 6 additional periods (1.6 µm) in the multimode region 
length, i.e., for NMMI = 135. Fig. 6 shows the light at the outputs of an 
individual MMI captured with a SWIR camera for both polarizations and 
three different wavelengths, confirming the good performance of the 
MMI. The measured transmittances of each output of an MZI are shown 
in Fig. 7 for both polarizations (solid curves). Blue curves correspond to 
output port A in the inset of Fig. 7 and red curves correspond to output 
port B. The transmittance was obtained normalizing the measured 
output power to a reference test waveguide, thus calibrating out the 

input and output coupling losses and the waveguide propagation loss. A 
distorted transmittance is observed for TE polarization in the wave-
length range 1525–1535 nm. This is due to a fabrication glitch which 
affected this specific batch, resulting in a transmittance dip for the 
interconnecting Si-wire waveguides near 1530 nm for TE polarization. 

To evaluate the performance of the fabricated MMIs, we used the 
following analytical model of an unbalanced MZI with two identical 
non-ideal 2 × 2 MMIs. The transmittances of the MZI output ports A and 
B (as schematically shown in the inset of Fig. 7(b)) are given by [33]: 

TA = |S21|
4
+ |S31|

4
− 2|S21|

2
|S31|

2cos(2 PE − Δϕ) (2)  

TB = 2|S21|
2
|S31|

2
[1+ cosΔϕ] (3)  

where Sij are the S-parameters of the MMI, PE = ∠(S31/S21) − 90◦ is the 
phase error and Δϕ = 2πneffΔL/λ is the phase difference between the 

Fig. 5. Fabrication tolerances: The effect of etching error δ and air voids (holes not filled with the SiO2 cladding).  

Table 1 
Variation of the number of periods for the nominal design, for etching errors δ =

±5 nm and air voids.   

ΔNMMI 

δ = + 5nm δ = − 5nm Voids 

TE TM TE TM TE TM 

Square holes 
(a = 100 nm) 

4 <1 − 8 <1 − 5 1 

Circular holes 
(a′ = 113 nm) 

4 <0.1 − 3 <0.1 − 5 1  

Fig. 6. Pseudocolor images of the outputs of a fabricated polarization inde-
pendent MMI with NMMI = 135, as captured with a SWIR camera. 

Fig. 7. Measured (solid curves) and modelled (dashed curves) transmittance of 
the two outputs of the unbalanced MZI (inset) for (a) TE and (b) TM 
polarizations. 
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MZI arms. Following the methodology outlined in [33], the S-parame-
ters of the MMI are obtained and the figures of merit are calculated, 
including: the phase error; the insertion loss, 

IL = − 10log10

(
|S21|

2
+|S31|

2
)
; and the imbalance, IB =

10log10

(
|S31|

2
/|S21|

2
)

. The calculated IL, IB and PE are shown in Fig. 8 

along the polarization dependent loss PDL = |ILTE − ILTM|. The modelled 
transmittances of the MZI obtained from introducing the calculated 
figures of merit in Eqs. (2) and (3) are shown in Fig. 7 (dashed curves). It 
is observed that the MMI exhibits insertion loss between 0.7 and 1 dB, 
yielding a PDL of less than 0.25 dB in the measured wavelength range 
(1495 nm – 1580 nm). The MMI imbalance is less than 1 dB from 1500 
nm to 1560 nm and the phase error is below 5◦ over the entire mea-
surement bandwidth. Except for the imbalance, which limits the band-
width to 60 nm, both polarizations behave very similarly and have good 
performance in the entire measured wavelength range (85 nm). 

4. Conclusions 

We designed, fabricated and experimentally characterized a 
polarization-agnostic 2 × 2 3 dB 90◦ MMI coupler for the 220 nm SOI 
platform and C-band operation. The polarization independent operation 
was achieved through waveguide birefringence engineering using a 
SWG metamaterial topology. Our MMI device has a footprint of only 3.5 
µm × 47.25 µm and was fabricated using a single etch-step process with 
a minimum feature size of 100 nm. It has the insertion loss and imbal-
ance below 1 dB, polarization dependent loss under 0.25 dB and phase 
errors of less than 5◦ in a 60 nm bandwidth. The results demonstrated in 
this work can be extended to MMI couplers with an arbitrary number of 
ports and open the way towards the development of high-performance 
polarization independent silicon photonic components leveraging peri-
odic SWG topologies. 
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P. Cheben, S. Janz, A Design Procedure for High-Performance, Rib-Waveguide- 
Based Multimode Interference Couplers in Silicon-on-Insulator, J. Lightwave 
Technol. 26 (16) (2008) 2928–2936, https://doi.org/10.1109/JLT.2007.914511. 

[30] S.G. Johnson, J.D. Joannopoulos, Block-iterative frequency-domain methods for 
Maxwell’s equations in a planewave basis, Opt. Express 8 (3) (2001) 173–190, 
https://doi.org/10.1364/OE.8.000173. 

[31] A.F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J.D. Joannopoulos, S.G. Johnson, 
Meep: A flexible free-software package for electromagnetic simulations by the 
FDTD method, Comput. Phys. Commun. 181 (3) (2010) 687–702, https://doi.org/ 
10.1016/j.cpc.2009.11.008. 

[32] H. Shiran, H. Rahbardar Mojaver, J. Bachman, C. Jin, O. Liboiron-Ladouceur, 
Impact of SiO2 Cladding Voids in SiPh Building Blocks, in: 2020 IEEE Photonics 
Conference (IPC), Vancouver, BC, Canada, 2020, pp. 1–2. doi: https://doi.org/ 
10.1109/IPC47351.2020.9252413. 

[33] C.J. Stirling, R. Halir, A. Sánchez-Postigo, Z. Qu, J.D. Reynolds, S. Penades, G. 
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C. Pérez-Armenta et al.                                                                                                                                                                                                                        

https://doi.org/10.1364/OE.18.016146
https://doi.org/10.1364/OE.18.016146
https://doi.org/10.1364/PRJ.6.000660
https://doi.org/10.1364/PRJ.6.000660
https://doi.org/10.1364/OE.27.017581
https://doi.org/10.1364/OE.27.017581
https://doi.org/10.1364/OL.420412
https://doi.org/10.1364/PRJ.7.001432
https://doi.org/10.1364/PRJ.7.001432
https://doi.org/10.1364/OE.23.022553
https://doi.org/10.1109/LPT.2019.2937890
https://doi.org/10.1109/LPT.2019.2937890
https://doi.org/10.1364/PRJ.470827
https://doi.org/10.1364/PRJ.446932
https://doi.org/10.1364/PRJ.446932
https://doi.org/10.1109/JPHOT.2019.2942973
https://doi.org/10.1002/lpor.202000478
https://doi.org/10.1109/JLT.2007.914511
https://doi.org/10.1364/OE.8.000173
https://doi.org/10.1016/j.cpc.2009.11.008
https://doi.org/10.1016/j.cpc.2009.11.008
https://doi.org/10.1364/OL.439985
https://doi.org/10.1364/OL.439985

	Polarization insensitive metamaterial engineered multimode interference coupler in a 220 nm silicon-on-insulator platform
	1 Introduction
	2 Working principle and design
	3 Fabrication and experimental characterization
	4 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


