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Abstract. We present an experimental and numerical study on the ef-
fects of the input optical power on the electro-optic frequency response
of a Ge-on-Si vertical pin waveguide photodetector. Experimental results
were provided by Cisco Systems, which characterized several nominally
identical devices. Increasing the optical power from −2 dBm to 3 dBm,
a significant decrease of the electro-optic frequency response was ob-
served in the O-band, from about 40GHz down to approximately 32GHz.
This trend is accurately predicted by our 3D multiphysics model, where
Maxwell’s equations are solved with the FDTD method to evaluate the
spatial distribution of photogenerated carriers, which is then converted
in an optical generation rate included in the drift-diffusion solver. The
3D model provides a detailed explanation of the experiments by showing
the effects of carrier screening on the magnitude of the electric field pro-
file, which is reduced for high optical power, slowing the photogenerated
carriers and reducing the bandwidth.

Keywords: Silicon photonics · Device multiphysics modeling · Ge-on-
Si waveguide photodetectors · Waveguide photodetectors · Germanium ·

3D modeling.

1 Introduction

We have investigated, both experimentally and through multiphysics numerical
simulation, the behavior of a Ge-on-Si waveguide photodetector with vertical pin
junction for increasing input optical power. A 3D perspective view and a cross-
section of the device are shown in Fig. 1, while the main geometrical parameters
are reported in Table 1. The metallic contacts are placed on top of the Ge
absorber and laterally on the Si substrate. High dopant densities are present both
in the substrate and at the metal/Ge interface, while most of Ge is undoped. An
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optical waveguide is connected to the silicon substrate with a tapered transition,
and the light is evanescently coupled in the Ge absorber [2].

This kind of photodetector, widely employed in silicon photonics [8], is com-
monly operated at input optical powers in the µW range. We have studied the
extent of the performance drop when increasing the input optical power to the
mW range, observing a reduction in the electro-optic frequency response band-
width [4, Sec. 4.9] of more than 20%.
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Fig. 1. Perspective view of the waveguide photodetector (top) and its transverse cross
section (bottom). The Ge absorber, of length LGe, is grown over an highly doped
Si substrate. The metallic contacts are placed laterally on Si and on top of the Ge
absorber, where a highly doped region is present.

Table 1. Photodetector geometry.

WGe HGe LGe Wdoping

4 µm 0.8 µm 15 µm 3 µm

2 Methodology

We adopt a multiphysics approach to solve the optical and electrical problems
with the finite-difference time-domain (FDTD) method and the drift-diffusion
model, respectively, as implemented in Synopsys RSoft FullWAVE [11] and in
the Synopsys TCAD Sentaurus suite [10]. The simulation process, whose flow
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is reported in Fig. 2, and the adopted model parameters are discussed in [7].
The optical generation rate Gopt, evaluated by solving Maxwell’s equations, is
included as a source term in the electrical transport problem. Due to the evanes-
cent coupling of the light in the absorber, this source term has a complex spatial
distribution along the device, and a 3D representation is needed [1].

This work is focused on the O-band of optical communications, centered
around λ = 1.31 µm, where the absorption of Ge is higher [9] and the device
performance is expected to be significantly more sensitive to the input optical
power than in the C-band.

The experimental setup used in Cisco Systems is based on a Keysight LCA [6],
which allows electro-optic measurements up to 50GHz. Five nominally identical
photodetectors, taken from different wafer regions, were characterized, determin-
ing mean value and standard deviation of the electro-optic cutoff frequency at
different input optical powers for all the samples.

device geometry, 
doping profiles,

mesh generation, ...

Synopsys RSoft FullWAVE

Gopt

Synopsys SDE

Optical problem 
solved with FDTD 

Synopsys sDevice

Transport problem solved 
with drift-diffusion

Fig. 2. Block diagram of the simulation flow in the modeling process. First, we define
the device geometry, doping distributions and mesh. Then we use FDTD to extract
the 3D spatial distribution of the optical generation rate Gopt. Finally, drift-diffusion
provides a solution of the electrical problem by using Gopt as a source term.

3 Results

Fig. 3 compares measurements and simulations of the electro-optic cutoff fre-
quency at a reverse bias of 3V and at different optical powers as measured at
the laser output. (The optical power assigned in the simulations takes into ac-
count the losses between laser and detector due to fiber coupling and waveguide
propagation, estimated to be 3 dB overall.)

In the figure, along with the simulation results (blue dots), are reported the
mean values of the experimental electro-optic cutoff frequencies over five nomi-
nally identical devices (black dots), while the error bars represent the standard
deviation of the measurements. An excellent match between measurements and
simulations is observed for all the measured powers.

Increasing the optical power from −2 dBm to 3 dBm, the electro-optic cutoff
frequency is reduced by more than 20%. This decrease can be explained in terms
of a reduction of the carrier velocity due to a screening of the electric field in
Ge by the photogenerated carriers. The magnitude of this effect is shown in Fig.
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4, which reports the absolute value of the electric field evaluated along a 1D
vertical cut, from metal to silicon substrate, near the beginning of the absorber.
At low input optical power (10µW) the electric field is coincident with its profile
in dark. On the contrary, at an optical power of 500 µW, the peak value of the
electric field is reduced by a factor 3. This drop affects the device performance
since the photogenerated carriers do not reach the saturation velocity, hence
decreasing the electro-optic cutoff frequency.

-4 -3 -2 -1 0 1 2 3

Laser optical power, dBm

30

32

34

36

38

40

42

E
le

ct
ro

-o
p

ti
c 

cu
to

ff
 f

re
q

u
en

cy
, 

G
H

z

Measurements

Simulations

Fig. 3. Electro-optic cutoff frequency as a function of the optical power measured at
the laser output.

4 Conclusions

The screening effect we have observed is a nonnegligible limitation to the per-
formance of waveguide photodetectors in the O-band and should be taken into
account in the device design. The excellent match demonstrated here between
measurements and simulations suggest that the multiphysics 3D modeling ap-
proach provides a realistic description of this effect and can be used as an effective
tool in the device optimization towards the new 200Gbit/s applications [5,3].
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Fig. 4. Magnitude of the electric field in Ge along a 1D vertical cut between the center
of the top metal contact and the silicon waveguide, at a distance of 1 µm from the front
section of the absorber.
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