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Abstract: An efficient, compact photonic crystal nanobeam modulator with an InGaAsP/Si
hybrid metal-oxide—semiconductor structure is proposed and simulated. The modulation
efficiency is up to 0.523 nm/(V*um) and the device length is only 7.5 pm. © 2020 The Author(s)

1. Introduction

Much research has been carried out in the field of silicon (Si) photonics due to its potential applications in optical
interconnects and its compatibility with the complementary metal-oxide-semiconductor (CMOS) technology. One
of the workhorses for optical interconnects is the optical modulator [1] which converts electrical signals into optical
signals. In particular, the modulator integrated on silicon is the key enabler for high-performance optical data
communications. However, compared with materials like Lithium niobate (LN) or III-Vs, there is no significant
linear electro-optical effect (mainly Pockels effect) existing in silicon because of symmetrical arrangement atoms in
crystalline silicon. Hence the plasma dispersion effect (free-carrier effect) has been mainly exploited in silicon
photonics for modulators.

Several types of on-chip silicon modulators have been realized by Mach-Zehnder interferometers (MZIs) [2],
microring resonators (MRRs) [3], photonic crystal (PhC) nanobeam resonators [4], etc. Among these demonstrated
silicon modulators, nanobeam structure has the advantage of much smaller footprint because of resonator and
optical transmission waveguide seamlessly combined in one wire while still retaining a relatively high quality factor
[4], which is beneficial to reducing the modulation power.

The plasma dispersion effect refers to the change of the material refractive index or absorption coefficients due
to the change of free carriers concentration, and several typical schemes utilize this mechanism including: PIN
injection [5], PN depletion [6] and metal-oxide—semiconductor (MOS) accumulation [7]. Among them, the MOS
structure has the merits of high modulation speed and high modulation efficiency, hence more emphasis has been
laid to it. However, the Si-based optical modulators suffer from low phase-modulation efficiency owing to the weak
plasma dispersion effect in Si [8]. Therefore, it is essential to find a novel modulation scheme for Silicon photonics.

In this paper, electro-optical modulation in InGaAsP/Si hybrid nanobeam MOS structure based on the
accumulation of electrons and holes is investigated. The InGaAsP owns a larger electron-induced refractive index
change and smaller electron-induced absorption change compared with Si [8]. And the nanobeam MOS structure
makes possible much smaller footprint and lower modulation power. The measured efficiency is up to 0.523
nm/(V*um) and the length is only 7.5 um. This hybrid InGaAsP/Si nanobeam MOS structure provides a promising
way for compact and efficient modulator.

2. Device design and principle

Fig. 1(a)-(c) depict the 3D, top and front views of the proposed device. It consists of hybrid InGaAsP/Si 1D PhC
nanobeam waveguides and an Al,Os oxide layer in between. The 120-nm-thick InGaAsP layer is directly bonded
above Si layer with a 5-nm-thick Al,O3 gate oxide bonding layer. The central area of the device is the doping area,
namely the modulation area. The total length (L.) of nanobeam cavity is only about 7.5 um, and the doping length
(Lm) is about 2.5 pm. An n-type InGaAsP is employed in this structure where the refractive index can be modulated
by the stronger free-carrier effect, which is critical for high-efficiency and low-loss modulation.

The resonance is created by an 1D PhC lattice with the same series of cylindrical holes in both InGaAsP and Si
layers. The central nanobeam waveguide, consisting of a central-taper section and two side-reflector sections, forms
a Fabry-Perot (F-P) cavity. The central-taper section with 13 holes is optimized to reduce the scattering loss and
provide high phase matching between the PhC fundamental Bloch mode and the waveguide mode [9]. In the
central-taper section, the radius of the hole changes from 78 nm to 61 nm, and the distance between holes changes
from 284 nm to 235 nm. In the side-reflector section, the holes are evenly distributed with the radius of 78 nm and
distance of 300 nm.
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Fig. 1(d) shows a cross-sectional schematic and fundamental transverse electric mode of this MOS structure, in
which an n-type InGaAsP layer is bonded on a p-type Si waveguide with an Al;O; layer as the bonding interface.
The doping concentration in InGaAsP and Si are both 5x10'” cm™. The fabrication of the device is expected to be
the same as in [8].
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Fig. 1. Schematic configuration of the proposed InGaAsP/Si hybrid nanobeam modulator based on MOS structure; (a) The 3D view; (b)
The top view; (c)The front view; (d) Central cross-sectional view of the device and its fundamental TE optical mode of InGaAsP/Si
MOS structure.

The main working principle of the proposed modulator is as follows: When a positive gate voltage is applied on
p-type Si, the electrons will accumulate at the upper surface of the Al,O3 oxide layer and the holes accumulate at
the lower surface, respectively. This redistribution of the electrons and holes causes the refractive index
perturbation of a waveguide mode and thus the shift of resonant wavelength. Consequently, the electro-optical
modulation is realized. With the implementation of nanobeam, the modulation efficiency and footprint can be
improved.

3. Simulations and results

The free electrons and holes distribution applied by a bias voltage (0.6 V) are shown in Fig. 2(a)-(b) respectively,
which is simulated using Finite Element Analysis. The electrons and holes will accumulate at the both sides of the
oxide layer respectively when a bias voltage is applied between p-type Si and n-type InGaAsP, thereby generating
the perturbation of the index. As is shown in Fig. 2(c), the changes of both free carrier concentration and the
effective refractive index increase with the increasing of the bias voltage.
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Fig. 2. (a)-(b) The free electrons and holes distribution applied by a bias voltage of 0.6V at the cross section; (c) Effective refractive
index change of InGaAsP/Si hybrid nanobeam modulator at the central cross-section of the waveguide.

Fig. 3(a) shows the spectrum response at different bias voltages. It is obviously shown that the resonant
wavelength was blue-shifted as the applied voltage increases. As shown in Fig. 3(b), the resonant wavelength shifts
from 1560.69 nm to 1558.86 nm with the voltage increasing from 0 V to 1.4 V, which is an approximately linear
relationship. Meanwhile, in Fig. 3(c), the increasing of voltage also causes the slight reduction of quality factor.
From the results above, for the modulator with Ly, = 2.5 um, the wavelength shift in Fig. 3(b) is calculated as 1.307
nm per volt, namely 0.523 nm/(V*um). According to Fig. 3, efficiency can also be expressed as V. *L=1.25 V*um
(3 dB bandwidth tuning voltage multiplied by modulation length) or 1.307 nm/V (modulation length is not
considered). The capacitance at 3 dB bandwidth tuning voltage is calculated as 8 fF, according to C=dQ/dV. Based
on theory in [10], the energy per bit is estimated to be 0.5 fJ, which is at the reasonable level compared with similar
structures in [11].
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Fig. 3. (a) Spectrum response at different bias voltages; (b) Wavelength shift with voltages; (c¢) Quality factor change with voltages.

Table 1. Comparison of the on-chip resonator-based modulators and our devices.

Electrical Structure Optical Structure Efficiency © Size @ Power consumption
MOS [12] (Expt.) Ring ~0.0044 nm/(V*um) 10 pm (R) NA
PN [13] (Expt.) Ring ~0.0166 nm/(V¥um) 2.4 um (R) 0.9 fI/bit
EO polymer [14] (Sim.) Nanobeam+slot ~0.089 nm/(V*um) 14 um (L) NA
Lateral PN [4] (Sim.) Nanobeam ~0.13 nm/(V*pm) 8.2 um (L) 14 alJ/bit

This work based on hybrid

% .
MOS (Sim.) Nanobeam 0.523 nm/(V*pm) 7.5 pm (L) 0.5 fJ/bit

* Efficiencies converted to the same unit for convenience in the table above. # R: radius; L: length.

Table 1. compares the performance of our devices with other on-chip resonator-based modulators. It is worth
noting that the length of our device is 7.5 um and the modulation length is only 2.5 um, much smaller than other
similar devices. It indicates that our proposed device has considerable improvement in modulation efficiency and
compact size, while still retaining a relatively low power consumption.

4. Conclusion

In summary, an efficient, compact photonic crystal Nanobeam modulator with an InGaAsP/Si hybrid MOS
structure is demonstrated and simulated. This nanobeam modulator based on MOS structure has compact length of
7.5 pm and high efficiency of about 0.523 nm/(V*um), which is promising for low-power and high-compactness
optical interconnects.
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