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ABSTRACT 

Optical phase shifters are a cornerstone constituent in most photonic integrated circuits aimed at high-end 

applications. However, most progress has focused on active phase shifters in recent years, while passive phase 

shifters have barely evolved. Here, we propose a new type of ultra-broadband passive phase shifter that exploits 

anisotropy and dispersion engineering in subwavelength metamaterial waveguides. Floquet-Bloch simulations of 

our proposed device predict a phase shift error below ±1.7° over an outstanding 400 nm bandwidth (1.35 – 1.75 

μm). The subwavelength engineered PS was fabricated on an SOI platform and our measurements show a four-

fold reduction in the phase variation compared to other conventional phase shifters based on tapered waveguides. 
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1. INTRODUCTION 

Silicon-on-insulator (SOI) has become a ubiquitous platform for the development of several cutting-edge 

applications, including telecom and datacom, sensing, quantum computing, and microwave and terahertz photonics 

[1]-[3], to name a few. The SOI platform benefits from the compatibility with already-existing CMOS facilities 

that enables mass production of photonic integrated circuits (PICs) in a cost-effective way. Additionally, the high 

refractive index contrast between the silicon core waveguide and the silicon dioxide (SiO2) layer results in a dense 

integration of photonic devices on a single chip, which facilitates the miniaturization of complex photonic systems. 

Most PICs rely on fundamental building blocks like beam splitters [4], filters [5] and (de)multiplexers [6]. 

Optical phase shifters (PSs) are another essential constituent in photonic systems to induce a specific phase shift 

between different signals. In the last years, research efforts have mainly focused on the development of active 

phase shifters (PSs), especially for the implementation of optical modulators and switches. These devices are 

typically based on thermo-optic [7] or free carrier plasma dispersion [8] effects that enable to dynamically tune 

the phase shift between signals by means of an active control element. Conversely, passive PSs have barely evolved 

and are usually replaced by active PSs to compensate for possible fabrication errors or to adjust the phase response 

at a particular wavelength. However, passive PSs are attracting increasing attention for a wide range of applications 

such as mode-division multiplexing (MDM), optical 90° hybrids, beam splitting for different mode orders and for 

arbitrary power ratios [9]-[11]. 

In this work, we present an ultra-broadband passive 90° PS exploiting dispersion and anisotropy engineering 

in subwavelength grating (SWG) metamaterial waveguides. Our Floquet-Bloch simulations predict a phase error 

as low as ±1.7° over an outstanding 400 nm bandwidth (1.35 – 1.75 µm) for transverse electric (TE) polarization. 

The device was fabricated and a phase slope of only 16°/μm was measured within a 145 nm wavelength range 

(1.495 – 1.64 µm), limited by the laser source of our setup. This is a remarkable four-fold reduction compared to 

the 64°/μm measured for a conventional PS based on tapered waveguides. 

2. DESIGN 

The proposed PS is based on two parallel SWG waveguides of the same length as schematically shown in Fig. 

1(a). SWG structures are an alternating disposition of different materials with a pitch below half the wavelength, 

which behave as a diffraction-less anisotropic medium [12]. For the design, we considered an SOI material 

platform based on 220-nm-thick Si waveguides and SiO2 buried oxide (BOX) and upper cladding layers. The 

width of both waveguides must be wide enough to hold paraxiality condition [13] and, at the same time, to improve 

tolerances to width deviations, i.e. the variation of the effective index with respect to changes in width is lower 

than for narrow waveguides. In this way, the phase shift induced between two wide SWG waveguides can be 

simplified to [14]: 
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where 𝜆 is the free-space wavelength, 𝑊𝑒 is the effective width, 𝐿𝑃𝑆 is the length of the SWG waveguides, and 𝑛𝑥𝑥 

and 𝑛𝑧𝑧 are the refractive indexes of the 2D equivalent anisotropic medium in the 𝑥 and 𝑧 directions, respectively. 

By judiciously selecting the pitch (Λ) and the duty cycle (DC) of the SWG waveguides, the term 𝑛𝑥𝑥 𝑛𝑧𝑧
2⁄  can 

be engineered to be inversely proportional to 𝜆, thus yielding an almost flat phase shift response. To this end, we 

selected widths of 𝑊𝐴 = 1.8 μm and 𝑊𝐵 = 1.6 μm, a pitch value of 200 nm and a duty cycle of 50% to ensure a 

minimum feature size of 100 nm. Moreover, SWG tapers of 𝐿𝑇 = 3 μm were included to perform an adiabatic 

transition between the non-periodic waveguides (𝑊𝐼 = 500 nm) and wide SWG waveguides. Taking into account 

that the phase shift introduced by SWG tapers is approximately 20°, the length of the phase shifting section is only  

𝐿𝑃𝑆 = 16.8 μm to achieve a total 90° phase shift at the design wavelength of 1.55 μm. 

 
Figure 1. (a) Schematic of the proposed phase shifter based on SWG metamaterial waveguides. (b) Simulated phase shift error as a function 

of the wavelength for the SWG PS (blue curve) compared to a conventional PS based on two tapers in back-to-back configuration and a 

straight waveguide (red curve). 

To assess the performance of the designed 90° PSs, we define the phase shift error (PSE) as the deviation from 

the target 90° phase shift. Figure 1(b) shows the PSE as a function of the wavelength for our SWG PS (represented 

with the blue curve) and a conventional PS based on two tapers in back-to-back configuration and a straight 

waveguide (in red). It should be noted that the tapered PS is also designed to perform a 90º phase shift. A small 

PSE of only ±1.7° is attained for the proposed SWG PS over an ultra-broad bandwidth of 400 nm (1.35 – 1.75 

μm), whereas the conventional PS yields a PSE of ±13.5° within the same wavelength range. 

3. EXPERIMENTAL RESULTS 

Both SWG and tapered PSs were fabricated on a 220-nm-thick SOI platform with 2-μm-thick BOX using 

electron beam (e-beam) lithography and a reactive ion etching (RIE) process. Scanning electron microscope (SEM) 

of the fabricated devices are shown in Figs. 2(a) and 2(b), respectively. After taking SEM images, the circuit was 

covered with a 2.2-μm-thick SiO2 upper cladding. 

 
Figure 2. Scanning electron microscope images of the upper arm of (a) our proposed SWG PS and (b) the tapered PS. (c) Measured phase 

shift error as a function of the wavelength for the SWG PS (blue) and the tapered PS (red). 3D FDTD simulation results are included (dotted 

lines) for comparison. 

To experimentally characterize the fabricated PSs, we used Mach-Zehnder interferometer (MZI) consisting of 

two SWG multimode interference (MMI) couplers and 14 PSs connected in series. The intensity signal measured 

at the MZI output is modulated with a period depending on the optical path delay between the arms of the MZI, 



i.e. based on the phase shift response of the PSs. We developed a circuit model to simulate the MZI and estimate 

the phase error introduced by fabrication deviations. These errors were subtracted from the measured phase shift 

response, which was obtained by solving the matrix system posed by the MZI test structure when transmission 

matrices are considered [14]. 

Figure 2(c) shows that the measured wavelength dependence of tapered and SWG PSs (solid curves) are in 

very good agreement with our 3D finite difference time domain (FDTD) simulation results (dotted curves). The 

proposed SWG PS provides a phase slope as small as 16°/μm, whereas the tapered PS based on conventional (non-

periodic) waveguides yields a phase slope of 64°/μm. This is a four-fold enhancement in terms of bandwidth within 

the measured wavelength range of 145 nm (1.495 – 1.64 μm). 

4. CONCLUSIONS 

In conclusion, we report on the experimental demonstration of an ultra-broadband PS based on waveguides of 

equal length. Limitations posed by conventional PSs based on non-periodic waveguides are overcome by 

exploiting the additional degrees of freedom provided by SWG metamaterial waveguides. Our proposed SWG PS 

leverages inherent anisotropy properties of SWG waveguides in combination with dispersion engineering to 

achieve a simulated phase shift error of only ±1.7° over an unprecedented 400 nm bandwidth. The device was 

fabricated and the concept of flattening the phase response was verified, showing a four-fold reduction compared 

to the tapered PS over the measured 145 nm bandwidth (1.495 – 1.64 μm). The proposed SWG PS opens new 

venues for the implementation of PICs targeting cutting-edge applications like quantum photonics and MDM. 
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