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ABSTRACT

We present a three-dimensional (3D) multiphysics model that examines how increasing input optical power
degrades the electro-optical frequency response performance of lateral Ge-on-Si waveguide photodetectors. Our
approach combines finite-difference time-domain (FDTD) simulations and drift-diffusion modeling to capture
both optical and electrical behaviors. Simulation results show that once the input power exceeds a few mW, the
detector bandwidth is significantly reduced due to electric-field screening effects.

Keywords: Silicon Photonics, Ge-on-Si Photodetectors, 3D Multiphysics Modeling, FDTD, Drift-Diffusion
Model, Electro-Optic Bandwidth

1. INTRODUCTION

Within the context of silicon photonics,’? germanium-on-silicon (Ge-on-Si) waveguide photodetectors (WPDs)
are particularly attractive because of their low parasitic capacitances and high-speed potential.> Among Ge-on-
Si WPDs, one of most promising configurations®° is based on a thin, intrinsic Ge absorber region surrounded
by heavily doped p- and n-type silicon layers to form a lateral p-i-n junction (LPIN, Fig. 1a). This config-
uration provides electro-optic bandwidths higher than 250 GHz,* although the responsivity is of the order of
0.2 -0.4 AW~!. Hence, higher optical power®” may be required to compensate for lower responsivities. This
work explores with a validated 3D multiphysics model how input optical power influences device non-idealities
that affect the modulation bandwidth.

2. MODELING APPROACH

A multiphysics model®? is used to describe the behavior of the device. For the optical problem, 3D finite-
difference time-domain (FDTD) simulations'® solve Maxwell’s equations by propagating the light from the
waveguide to the Ge absorber. An example of the optical generation rate Gop¢ determined from the FDTD
solution is shown in Figure 1b. Next, Gop is included as a source term into a 3D drift-diffusion solver.'’ A
small-signal analysis is performed by imposing a sinusoidal modulation on the input optical power and evalu-
ating the corresponding frequency response of the photocurrent. Figure 2a reports the WPD responsivity in
reverse bias (—2V and —1V) as a function of the wavelength. Figure 2b shows how the experimental frequency
response? at low input optical power and a reverse bias of —2V can be reproduced by the multiphysics model
for two different values of We.
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Figure 1: (a) Perspective view of the LPIN structure with the Ge absorber (green) surrounded by doped Si
regions (blue and red). (b) Input optical source, evaluated as the mode of the input waveguide (above), and
optical generation rate along the absorber (below).
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Figure 2: (a) Responsivitity as a function of the wavelength for low input optical power. (b) Experimental vs.
simulated electro-optic frequency response at low optical power.
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Figure 3: (a) —3dB bandwidth vs. input optical power. (b) Transverse electric field E, at the center of the Ge
absorber vs. input optical power.

3. RESULTS AND DISCUSSION

Figure 3a displays the simulated —3dB electro-optic bandwidth as a function of input optical power, ranging
from 2pW to 200mW. The bandwidth remains nearly constant up to 2mW, then gradually decreases, showing
a pronounced drop above 20 mW.

Figure 3b illustrates the transverse electric field E, in the Ge absorber along the light propagation direction
z at different input powers. Below 2mW, the electric field profile remains nearly unchanged. Above this value,
E, significantly drops, indicating that electric-field screening (space-charge effects) becomes severe, particularly
at the beginning of the device (z ~ 0) where the optical generation rate is higher. This mechanism prevents
carriers from reaching their saturation velocity, hence limiting the device bandwidth.!?

Since any structural modification aimed at improving the LPIN WPD responsivity would have an impact
on the density of photogenerated carriers inside the Ge absorber, potentially making the screening effects more
relevant at lower input optical power, the assistance of a multiphysics model could be instrumental towards a
careful performance optimization.

Acknowledgments

This work was supported in part by the European Union under two initiatives of the Italian National Recovery
and Resilience Plan (NRRP) of NextGenerationEU: the partnership on Telecommunications of the Future (Grant
PE00000001 — program “RESTART”), and the National Centre for HPC, Big Data and Quantum Computing
(Grant CN00000013 — CUP E13C22000990001).

REFERENCES
[1] Shi, Y., Zhang, Y., Wan, Y., Yu, Y., Zhang, Y., Hu, X., Xiao, X., Xu, H., Zhang, L., and Pan, B., “Silicon
photonics for high-capacity data communications,” Photon. Res. 10, A106-A134 (Sept. 2022).
[2] Shekhar, S., Bogaerts, W., Chrostowski, L., Bowers, J. E., Hochberg, M., Soref, R., and Shastri, B. J.,
“Roadmapping the next generation of silicon photonics,” Nature Commun. 15(1), 751 (2024).



Chen, G., Yu, Y., Shi, Y., Li, N., Luo, W., Cao, L., Danner, A. J., Liu, A.-Q., and Zhang, X., “High-
speed photodetectors on silicon photonics platform for optical interconnect,” Laser & Photon. Rev. 16(12),
2200117 (2022).

Lischke, S., Peczek, A., Morgan, J. S., Sun, K., Steckler, D., Yamamoto, Y., Korndorfer, F., Mai, C.,
Marschmeyer, S., Fraschke, M., Kriiger, A., Beling, A., and Zimmermann, L., “Ultra-fast germanium pho-
todiode with 3-dB bandwidth of 265 GHz,” Nature Photon. 15, 925-931 (Dec. 2021).

Steckler, D., Lischke, S., Kroh, A., Peczek, A., Georgieva, G., and Zimmermann, L., “Germanium photo-
diodes with 3-db bandwidths > 110 GHz and L-band responsivity of > 0.7 A/W.” IEEE Photon. Technol.
Lett. 36(12), 775-778 (2024).

Cao, H., Xiang, Y., Sun, W., Xie, J., Guo, J., Yu, Z., Liu, L., Shi, Y., and Dai, D., “High-power Ge/Si
waveguide photodetector,” ACS Photon. 11(4), 1761-1770 (2024).

Cheng, C., Xue, J., Yu, Z., Wu, J., Bao, S., and Wang, B., “A high-power lateral p-i-n silicon-germanium
photodiode,” in [2024 Photonics €& Electromagnetics Research Symposium (PIERS)], 1-4 (Apr. 2024).
Alasio, M. G. C., Vallone, M., Tibaldi, A., Namnabat, S., Adams, D., Gothoskar, P., Forghieri, F., Masini,
G., Bertazzi, F., Ghione, G., Gioannini, M., and Goano, M., “TCAD-assisted progress on the Cisco platform
towards low-bias 200 Gbit/s vertical-pin Ge-on-Si waveguide photodetectors,” J. Lightwave Technol. 42,
3269-3276 (May 2024).

Alasio, M. G. C., Zhu, M., Fronteddu, A., Cardinale, A., Ballarati, A., Bellotti, E., Ghione, G., Tibaldi, A.,
Bertazzi, F., Vallone, M., and Goano, M., “Modeling the electronic transport in FinFET-like lateral Ge-on-
Si pin waveguide photodetectors for ultra-wide bandwidth applications,” in [23rd International Conference
on Numerical Simulation of Optoelectronic Devices (NUSOD 2023)], 107-108 (Sept. 2023).

Synopsys, Inc., Optical Solutions Group, Ossining, NY, RSoft FullWAVE User Guide, v2019.09 (2019).
Synopsys, Inc., Mountain View, CA, Sentaurus Device User Guide. Version N-2017.09 (Sept. 2017).
Alasio, M. G. C., Franco, P., Tibaldi, A., Bertazzi, F., Namnabat, S., Adams, D., Gothoskar, P., Masini,
G., Forghieri, F., Ghione, G., and Goano, M., “Optical power screening effects in Ge-on-Si vertical pin
photodetectors,” in [Proceedings of SIE 2022. 53rd Annual Meeting of the Italian Electronics Society],
Cocorullo, G., Crupi, F., and Limiti, E., eds., Lecture Notes on Electrical Engineering 1005, 155-159,
Springer Nature Switzerland AG, Cham, Switzerland (2023).



	Introduction
	Modeling Approach
	Results and Discussion

