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An ultracompact electro-optical ENZ/Si modulator with dual phase-amplitude operation is 
proposed. A 4 µm-long modulator is designed to achieve a π-phase shift modulation or an 
amplitude modulation with an extinction ratio of 10 dB. 
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INTRODUCTION 

Nanoelectronics technology has always relied on the continued scaling down of the transistor size to 
achieve the exponential growth in computing speed seen during the last decades. Today, however, the 
limits of lithography, the frontier with quantum phenomena—in which transistors may not continue to 
function as intended—, and the huge costs of fabrication, address the need to start planning for the end 
of Moore’s Law [1]. In this context, silicon photonics (SiPh) has demonstrated many advantages such as 
ultra-high speed, ultra-low energy consumption and new functionalities. In the case of neuromorphic 
computing, for example, recently demonstrated optical neural networks offer computation speeds that 
are orders of magnitude beyond von Neuman electronic computers [2]. Other emerging industries that 
could benefit from SiPh are LiDAR systems [3] or integrated quantum computing based on photonics [4].  

For most of the applications, optical phase shifters and amplitude modulators are required to perform 
operations with light. Furthermore, simultaneous phase and amplitude modulation would be very 
valuable in many cases. Optical neural networks require complex-valued modulation to shape the inputs 
and outputs of the network [5], [6]. This is usually achieved through a concatenation of an asymmetric 
Mach–Zehnder interferometer (MZI), with one arm being phase-modulated, followed by a phase shifter. 
Tuning principles are varied in the current literature; e.g. those based on the thermo-optic effect [7], on 
the free-carrier effect [8], or the micro-electro-mechanical systems (MEMS) [9]. However, trade-offs in 
terms of speed, power consumption and footprint are usually given.  

In this paper, an ultracompact dual phase shifter-amplitude modulator is proposed. The tuning 
mechanism relies on the epsilon-near-zero (ENZ) effect in transparent conducting oxides (TCOs) of high 
mobility. The ENZ occurs when the real permittivity becomes close to zero resulting in a large 
enhancement of modal confinement and extreme optical nonlinear effects [10]. In our device such an 
effect can be triggered electro-optically with a metal-oxide-semiconductor (MOS) stack structure 
mounted on top of a Si waveguide. Such a compact implementation eliminates the need to a build two 
sets of modulators—one for phase, one for amplitude—and, therefore, significantly reduces the device 
footprint. 

Description of device operation 

TCO’s permittivity in the near-infrared regime can be well described by the interaction of light with free 
electrons. Following Drude’s model, possible switching mechanisms can either manipulate the effective 
electron mass 𝑚!

∗  or the electronic concentration N—the plasma frequency is proportional to the square 
root of N/𝑚!

∗—. Usually, effective electron mass is perturbed all-optically by intraband transitions 
triggered upon the absorption of high-power pulses [10],[11], while concentration can be tuned electro-
optically by means of a metal/oxide/TCO capacitor structure [12].  

Here an electro-optical modulator is implemented in a silicon waveguide loaded with a metal/oxide/TCO 
layer stack (see Fig. 1(a)). The TCO acts as a semiconductor in the proposed device. It is modeled as a 
high-mobility cadmium oxide (the parameters and equations of our model can be found in literature [10-
12]). The TCO acts also as the ground electrode of the device. The top metal layer serves as a second 
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electrode while the insulator (SiO2) behaves as a charge blocking layer. When a gate voltage is applied 
(VG) in the capacitor, electrons accumulate at the interface between the insulator and the TCO. Obtaining 
the electron density distribution inside the TCO requires solving the biased Poisson’s equation to evaluate 
the band bending. To this end, the Thomas-Fermi approximation (MTFA), developed by Paasch and 
Übensee [12] was implemented and solved numerically by the finite element method (FEM).  

 
Fig. 1. (a) Sketch of the dual phase-amplitude modulator. The silicon waveguide is loaded by a capacitor stack (Au/SiO2/TCO) that 
drives the modulator performance so that the effective index of the propagating optical mode is changed when a gate voltage is 
applied. EY field distribution cross-section in the (b) Z-X (inside the TCO layer) and (c) in the Y-X plane (including a 1D cross-section 
at x = 0 µm) of the device in the (i) OFF, (ii) phase and (iii) amplitude operation regimes. 

The solution gives rise to a relationship between the Drude’s permittivity and the applied gate voltage. 
This relationship is used to calculate the optical mode of the hybrid silicon waveguide loaded by the 
capacitor structure and its complex effective refractive index (neff and κeff). The optical mode was 
calculated by the FEM method implemented in the RSoft CAD environment from Synopsys. For an 
optimized device geometry such as the one presented in the cross-section of the device, the resulting 
effective index variation (see both insets in Fig. 1(a)) defines three regimes in which the device can 
operate:  (i) OFF state, in which the modulator has low optical losses and the transmission is maximized 
(blue region in Fig. 1), (ii) phase modulation, in which the effective refractive index is tuned past or just 
after the ENZ resonance (green regions) so that a net phase difference is extracted with minimal losses, 
(iii) amplitude modulation, in which the index is tuned at the midpoint of the ENZ resonance (red region) 
so that the modal confinement is maximized in the low permittivity region and, thus, optical absorption 
is maximized.  

Guided modes, accompanied by its cross-section at x = 0 µm, for the three operation regimes are shown 
in Figure 1b. Confinement within the TCO’s accumulation layer is enhanced the most in the amplitude 
operation regime, as can be seen in Figure 1b(iii). In the phase regime, Figure 1b(ii), a large portion of the 
Ey field exist within oxide film. On the contrary, Figure 1b(i) shows that the modal overlap with the TCO’s 
accumulation layer is minimal. 
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Dual phase-amplitude modulator performance 

The modulator was designed for operation at a wavelength of 1550 nm and TM polarization. The 3D 
spatial distribution of the mode propagation was computed by the finite-difference time-domain method 
(3D-FDTD) for the three configurations. In the OFF state, which is shown in Fig. 1c(i), i.e. without applying 
a voltage to the modulator, the insertion losses are as low as 0.1 dB/μm. In the phase modulation 
operation regime, which is depicted in Figure 1c(ii), the device is driven by a voltage of 3.7 V, inducing a 
0.24π/μm phase shift with optical losses around 0.75 dB/μm. Finally, in the amplitude modulation 
operation regime shown in Figure 1c(iii), the device requires a voltage of 4V for which an extinction ratio 
of 2.2 dB/μm is achieved. Therefore, a modulation length of around 4 µm is necessary to obtain a π-phase 
shift with insertion losses of 3 dB. For such a modulation length, the optical losses at the OFF state are as 
low as 0.4 dB while an extinction ratio of around 10 dB is achieved when switching to the amplitude 
modulation regime. Another important aspect is the energy consumption, as it grows quadratically with 
the gate voltage and scales proportionally with the footprint of the device. In the proposed modulator, a 
4-μm long device would require an energy below 500 fJ for modulation. 

Conclusions 

Phase-amplitude modulation functions are mostly accomplished by means of a concatenation of Mach–
Zehnder interferometers or ring resonator structures and individual phase shifter in current photonic 
integration circuits. These approaches come at expense of a large device footprint that could limit large-
scale integration. To the best of our knowledge, the proposed ENZ/Si modulator is the first one of its class 
to present the possibility of manipulating the phase or the amplitude of the optical field with high 
performance in a compact (few microns long) device. Therefore, such a device would be highly beneficial 
for emerging high-impact fields as neural networks or reconfigurable photonics. 
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