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Abstract

The carrier-depletion InGaAsP optical modulator on
the 11I-V CMOS photonics platform is numerically
analyzed. The InGaAsP optical modulator exhibits 5
times greater modulation efficiency than the Si optical
modulator with keeping comparable insertion loss.

1. Introduction

Si photonics is a promising option to realize low-power
optical interconnection for datacenters. In Si photonics, the
large refractive index contrast between Si (n=3.4) and SiO,
(n=1.9) makes it possible to strongly confine light in Si and
to fabricate ultra-small optical components. Among Si
photonics components, Si optical modulators are one of the
fundamental building blocks [1]. Most of Si optical
modulators are based on the plasma dispersion effect.
However, the weak plasma dispersion effect in Si results in
the low modulation efficiency [2]. Since the plasma
dispersion effect is proportional to an inverse of effective
mass, according to the Drude model, I11-V semiconductors
such as InGaAsP are expected to possess greater plasma
dispersion effect than Si. To realize Si-photonics like 111-V
photonics, we have proposed the Il1-V CMOS photonics
platform by using the 1I-V on Insulator (I11-V-Ol) wafer
[3].0n this platform, passive devices [4,5] and active
devices including carrier-injection optical switches [6],
photodetectors [7], laser diodes [8] have been reported.
However, no high-speed modulator has been reported yet on
the 111-V-OlI wafer.

In this paper, we have proposed a -carrier-depletion
InGaAsP optical modulators with a lateral PN junction on
the 111-V CMOS photonics platform as shown in Fig. 1. By
using TCAD simulation, we have numerically analyzed the
InGaAsP optical modulator on the 111-V CMOS photonics
platform.
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Fig. 1 Schematic of InGaAsP carrier-depletion modulator on
111-V-Ol wafer.

2. Device structure and analysis method

500nm
InGaAsi

‘j220nm 100nm
P region v Nregion

BOX(SiO,)

Fig. 2 Cross-sectional structure of InGaAsP optical modulator.

I11-V  semiconductors are known to have several
free-carrier effects including the plasma dispersion effect,
free-carrier absorption, band filling effect, band gap
shrinkage, and intervalence band absorption which
contribute to refractive index change and absorption
coefficient change [9,10]. Except for the plasma dispersion
effect, these effects directly contribute to absorption
coefficient change, but also contribute to refractive index
change through the Kramers-Kronig relationship. Especially
the band filling and bandgap shrinkage effects become
larger when the bandgap energy becomes small. In this
paper, we consider optical modulators operated at a
wavelength  of 1550 nm. Hence, among IlI-V
semiconductors, InGaAsP with a bandgap wavelength of
1370 nm is assumed to gain maximum refractive index
change with negligible band-edge absorption. The InGaAsP
with such a bandgap energy is easily grown on an InP wafer
because of the lattice matching.

A cross-sectional structure of the proposed InGaAsP
optical modulator is shown in Fig. 2. A 220-nm thick
InGaAsP layer is bonded on a 2-pum thick SiO, buried oxide
layer. A 500-nm wide rib waveguide with a 100-nm thick
slab is assumed. A lateral PN junction is formed at the center
of the waveguide for carrier depletion. The doping density
of the P and N regions is assumed to be 5x10%cm?
1x10%cm™ or 2x10®cm™. We also consider a Si optical
modualtor with the same device structure for comparison.

The modulation characteritics are analyzed by using
Sentaurus TCAD in conjunction with an optical mode solver
based on the finite-element method. First, a carrier density
distribution is calcuated by TCAD at each revseve voltage.
Then, the effective refractice index change and absorption
change for the fundamental opical mode are obtained to
calcuation modulation efficiency and insertion loss.
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Fig. 3 Carrier distributions of electron and hole at 0V and 1V
reverse bias voltage

3. Results of numerical analyses

Figure 3 shows carrier distributions of electron and hole
in the InGaAsP optical modulator with a doping density of
5x10%cm™ when a reverse bias voltage is applied to the PN
junction. As a reverse bias voltage increases, the depletion
layer is widened as expected, resulting in optical modulation
through the free-carrier effects in InGaAsP. Figure 4 shows
the modulation efficiency V,L in the InGaAsP and Si optical
modulators as a function of a reverse voltage. V,L, which is
a figure of merit of modulation efficiency, is defined by a
product of bias voltage and device length required for =
phase shift. When a bias voltage is 1 V, the VL in the
InGaAsP optical modulator is approximately 0.35 Vcm. As
shown in Fig. 4 the InGaAsP optical modulator has five
times smaller VL than the Si modulator. The modulation
efficiency improvement in the InGaAsP device is due to the
greater electron-induced refractive index change in InGaAsP
than in Si. The insertion losses caused by the carrier-induced
absorption in the InGaAsP and Si devices are 0.89 dB/mm
and 0.83 dB/mm, respectively. Despite the high modulation
efficiency in the InGaAsP device, the insertion loss is
comparable to that in the Si, meaning that the InGaAsP can
greatly improve the trade-off between the modulation
efficiency and insertion loss. Figure 5 summarizes the
relationship between V, L and insertion loss in the
carrier-depletion InGaAsP and Si optical modulators.
Generally, when the doping density in a modulator is
increased, the modulation efficiency improves, but at the
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Fig. 4 Calculated VL (Carrier density is 5x10"cm®)

same time the propagation loss increases. Hence the
trade-off between the modulation efficiency and insertion
loss cannot be improved in the Si modulators. On the other
hand, as shown in Fig. 5, the InGaAsP can improve this
trade-off owing to the large carrier-induced refractive index
change. Thus, InGaAsP essentially improves the modulator
performances as compared to Si.
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Fig. 5 Trade-off relationship between V, L and insertion loss.

4. Conclusion

We have numerically analyzed the modulation
characteristics of the carrier-depletion InGaAsP optical
modulator on the 111-V CMOS photonics platform. Owing to
the large electron-induced refractive index change in
InGaAsP, the modulation efficiency is improved as
approximately five times as compared with Si. Thus, the
carrier-depletion InGaAsP optical modulator is promising
for optical interconnections in datacenter networks.
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