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Abstract: This study explores the mechanisms responsible for the bandwidth reduction observed in
Ge-on-5i photodetectors under high incident light power. We investigate the impact of the carrier-
screening effect on the bandwidth through simulations, and we mitigate this effect by increasing the
applied bias voltage. The increase in the concentration of photogenerated carriers leads to a reduction
in the carrier saturation drift velocity, which reduces the bandwidth of the Ge-on-Si photodetector;
this phenomenon is studied for the first time. The bandwidth is determined primarily by the carrier
saturation drift velocity when the incident light power is below 2.5 mW, and the decrease in
bandwidth that is calculated based on the decrease in carrier saturation drift velocity is consistent
with the experimental results. However, when the incident light power exceeds 3 mW, both the
carrier-screening effect and the reduction in the carrier saturation drift velocity contribute to the
bandwidth reduction. This study provides a good theoretical guicdance for the design of high-power
Ge-on-5i photodetectors.

Keywords: Ge-on-Si photodetectors; high-power optical signals; bandwidth; carrier-screening effect;
carrier saturation drift velocity

1. Introduction

Silicon photonics has been applied to optical communication and interconnection, and its
applications in optical computing, optical sensing, and lidar have attracted extensive research interest
[1-3]. As Ge-on-Si photodetectors are the key devices in the receiver, their performance plays an
important role in the entire optical transceiver system. High sensitivity, large bandwidth and low
dark current have been needed for the development of photodetectors [4-6].

For applications such as coherent optical communication, microwave photonics, and optical
sensing, photodetectors must possess both high optical signal power and high operating frequency
[7,8]. Currently, there are several papers on Ge-on-Si photodetectors that exhibit excellent frequency
characteristics under high incident light power [9-11].

The bandwidth of Ge-on-5i photodetectors can decrease under high incident light power which
limits their application [12-14]. The main reason for the decrease in bandwidth is the carrier-
screening effect described in previous papers [15-17]. To reveal the reasons for the bandwidth
decrease under high incident light power, this paper conducted simulations and experiments on the
carrier-screening effect. To the best of our knowledge, the impact of the decrease in carrier saturation
drift velocity, which is caused by a high concentration of photogenerated carriers, on the bandwidth
of Ge-on-5i photodetectors has been studied for the first time. This provides theoretical support for
the design of Ge-on-Si photodetectors for high-power applications.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Structure

Figure 1 presents a cross-sectional diagram of a vertical PIN Ge-on-Si photodetector. This device
is fabricated on a silicon on insulator (SOI) substrate, where the silicon layer functions as both the
slab and waveguide regions. The silicon slab consists of both lightly and heavily doped areas. The
lightly doped region, spanning from the rib waveguide to the electrode, is 1.5 um wide and has a
doping concentration of 1x10-7 cm3. To ensure optimal ohmic contact between the slab and the metal
electrode, a heavily doped contact region with a doping concentration of 1x10-? cm=?is incorporated.
The thickness of the silicon slab is 60 nm. The width of the 220 nm thick rib waveguide is 1.5 um, and
the length is 10 um. The doping concentration for the silicon rib is 1x10-> cm?; this concentration
ensures the transport of high-concentration photogenerated carriers without significant light
absorption. The germanium absorption layer is epitaxially grown on the silicon rib waveguide region
with a thickness of 600 nm, and its width and length match those of the silicon rib waveguide region.
For ohmic contact with the electrode, the top of the germanium absorption layer is heavily doped
with a concentration of 3.8x10-8 cm3.

Metal

Figure 1. Cross-sectional diagram of the Ge-on-5Si PIN photodetector.

The fabrication process began with an SOI wafer which then has its top layer of silicon etched,
on which the nonetched area is the silicon waveguide and the shallow etched area is the slab region.
Next, the wafer is lightly implanted with boron and then heavily implanted to form p-type ohmic
contacts. The dopants in Si are activated using a rapid thermal annealing (RTA) process at 1030 °C
for 5 s prior to germanium epitaxy. Ion implantation with phosphorus is then performed on top of
the germanium layer to form the n-type ohmic contact area. After the cladding oxide is deposited,
the fabrication process results in the formation of contact vias and aluminum interconnects. The
defect density of the top silicon layer in the SOI is 3x10* cm2, and the defect density of the epitaxial
germanium layer is 7x104cm2.

An increase in the size of the germanium absorption region improves the level of high incident
light power processing of the photodetector, but it increases the device’s capacitance, which reduces
the bandwidth of the device.

The 3 dB bandwidth of the photodetector was measured using a setup comprising a vector network
analyzer (VNA, KEYSIGHT PNA-X Network Analyzer N5247A) and a high-performance LiNbOs
modulator with a 40 GHz bandwidth. A precision DC power supply (KEITHLEY 2611A SYSTEM Source
Meter) was used to apply the DC bias voltage to the photodetector through a bias-Tee.

We experimentally tested the bandwidth characteristic curves of the photodetector under
various incident light powers at a -1 V bias voltage, as shown in Figure 2. The vector network analyzer
emits electrical signals, which are amplified and loaded onto a 40G bandwidth lithium niobate
modulator. The modulated optical signal enters the detector and is converted into an electrical signal,
which is transmitted back to the vector network analyzer. Before testing, it is necessary to calibrate
the entire link system to deduct errors generated by the instrument. A 1550-nm laser was utilized,
and all the lasers mentioned in this paper operate within this wavelength range. To facilitate a clear
understanding of the relationship between the bandwidth and incident light power, power is
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expressed in milliwatt (mW) units. The minimum incident light power was set to 0.5 mW, with
increments of 0.5 mW, resulting in the following power levels: 0.5 mW, 1 mW, 1.5 mW, 2 mW, 2.5
mW, 3 mW, 3.5 mW and 4 mW. The corresponding optoelectronic bandwidths for each incident light
power were determined to be 38.56 GHz, 37.33 GHz, 35.62 GHz, 32.34 GHz, 28.75 GHz, 23.41 GHz,
16.26 GHz and 6.52 GHz, respectively, as shown in Figure 2. The experimental results demonstrate
that the bandwidth decreases with increasing incident light power, and the rate of the decrease
becomes more pronounced at higher power levels. The relationship between the bandwidth and
incident light power is further illustrated in Figure 2(b).
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Figure 2. (a) Normalized Su1 traces of the photodetector under different incident light power levels, (b) 3 dB
bandwidths of the photodetector under different incident light power levels.

A major factor contributing to the reduction in bandwidth at high incident light power is the
carrier-screening effect [12-14]. This carrier-screening effect occurs due to the rearrangement of
photogenerated carriers under the influence of an external electric field. Photogenerated holes move
in the direction of the applied electric field, whereas photogenerated electrons move in a direction
opposite to the applied electric field. Then, the electrons and holes generate an internal electric field
in the opposite direction to that of the external electric field. When the built-in electric field is
superimposed with the external electric field, the electric field strength in the absorption region is
weakened by the built-in electric field. When the concentration of photogenerated carriers is high,
this effect is more pronounced. The carrier-screening effect leads to a decrease in the electric field
strength in the absorption region, thereby reducing the migration rate of the carriers.

3. Experiments and Discussion

To quantitatively study the effect of carrier-screening on the bandwidth, we simulated the
distribution of the internal electric field at different incident light power levels with the finite-
difference time-domain (FDTD) method, and the results are shown in Figure 3. The region of the
strongest light field in the germanium absorption region coupled with the evanescent wave is located
1.1 um from the incident end [18]. Therefore, the simulation focused on the 1D electric field intensity
in the germanium absorption region between the metal electrode and the silicon waveguide at this
position. When a bias voltage of -1 V is applied, the minimum internal electric field intensity is
approximately 2.34x10* V/cm at an incident light power of 0.5 mW. As the incident light power
increases to 4 mW, the minimum internal electric field intensity decreases significantly to 0.26x10*
V/em. This indicates that the electric field in the photogenerated carrier region decreases
substantially, whereas the field outside the carrier region increases. These results suggest a
pronounced carrier-screening effect in the region where the electric field weakens.

The electric field intensity required to reach the saturation drift velocity of charge carriers in
germanium is 0.97x10* V/em [19]. When the incident light power is less than 2.5 mW, although the
carrier-screening effect reduces the local electric field intensity, it still allows the carriers to reach their
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saturation drift velocity. In other words, when the incident light power is below 2.5 mW, the decrease
in electric field intensity due to the carrier-screening effect does not impact the device bandwidth.

However, when the incident light power exceeds 3.0 mW, the carrier-screening effect begins to reduce
the bandwidth.
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Figure 3. The magnitude of the electric field in the germanium layer is measured along the metal contact and

the silicon waveguide at a point 1.1 um from the front edge of the absorber and at the center along the width.

The carrier-screening effect can reduce the electric field intensity in the photodetector at high
incident light power levels. To counter this, we can increase the device’s internal electric field
intensity by increasing the bias voltage, thereby reducing or even eliminating the impact of carrier-
screening on the device bandwidth. The experimental results are presented in Figure 4.
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Figure 4. Normalized Sx1 response of the photodetectors under different bias voltages at incident light powers
of 0.5 mW and 4 mW.

We applied voltages of -2V, -3V, -4V and -5 V for incident light powers of 0.5 mW and 4 mW, and
we compared the resulting bandwidth characteristics to those observed at a -1 V bias. Given that the
photodetector’s reverse breakdown voltage is -6 V, those test voltages were set within an appropriate
range. At an incident light power of 0.5 mW, increasing the applied bias voltage from -1 V to -5 V resulted
in almost no change in bandwidth. However, at an incident light power of 4 mW, increasing the bias
voltage to -2V, -3V, -4 V or -5 V increased the bandwidth to 10.84 GHz, 15.03 GHz, 18.62 GHz or 18.62
GHz, respectively. When the bias voltage is increased to -5 V, the bandwidth characteristics remain almost
consistent with those at -4 V and do not continue to increase. This observation is consistent with the
simulation results shown in Figure 3. When the incident light power is 4 mW, the simulation results in
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Figure 3 show that the light absorption region has a significant carrier-screening effect. We eliminated the
carrier-screening effect by increasing the bias voltage during the experiment, and the bandwidth of the
photodetector was significantly improved. When the incident light power is 0.5 mW, the simulation
results of the absorption region electric field show that the carrier-screening effect does not influence the
carrier saturation drift velocity. In the experiment, by increasing the bias voltage to eliminate the carrier-
screening effect, the bandwidth of the photodetector remains almost unchanged. The simulation results
and experimental results show good consistency.

When the bias voltage is -5 V and the optical power is 4 mW, the photodetector bandwidth
reaches 18.62 GHz, which remains lower than the 38.56 GHz bandwidth observed at an optical power
of 0.5 mW with a -1 V bias. These experimental results indicate that at high incident light power, the
carrier-screening effect reduces the device bandwidth by lowering the electric field intensity.
However, the impact on the bandwidth is limited and significant only when the incident light power
is less than 2.5 mW.

The increase in carrier concentration at high incident light power leads to a decrease in the carrier
saturation drift velocity [20,21], which is another key factor that contributes to the reduction in
bandwidth. A higher carrier concentration increases the scattering probability during carrier drift,
thereby decreasing the carrier saturation drift velocity. An increase in the carrier concentration leads
to an increase in the scattering probability, which mainly includes scattering between electrons and
holes, carriers and lattices, phonons, and defects [22,23]. The scattering during carrier migration
changes the direction of carrier movement, reducing the rate of carrier migration. Therefore, the rate
of carrier movement along the electric field direction is reduced.

We experimentally measured the changes in the carrier saturation drift velocity at various
photogenerated carrier concentrations using the Hall effect, as shown in Figure 5. The carrier
saturation drift velocity in germanium was measured with an Ecopia HMS-3000 Hall tester. The
sample was clamped onto a sample plate with a probe and injected with light through an optical fiber.
At incident light powers of 0.5 mW, 1 mW, 1.5 mW, 2 mW, 2.5 mW, 3 mW, 3.5 mW and 4 mW, the
corresponding concentration of photogenerated carriers in the high-field area of the germanium
absorption region are 0.38x10'6 cm?, 0.75x10% cm-, 1.12x10' cm?3, 1.51x10'6 cm?, 1.88x10% cm?3,
2.26x10' cm3, 2.63x10'¢ cm? and 3.01x10'¢ cm?3, respectively. Since the electron saturation drift
velocity is higher than that of holes, we focus primarily on the effect of a reduced hole saturation drift
velocity on the device bandwidth. The corresponding hole saturation drift velocities are 6.33x10¢
cm/s, 5.94x106 cm/s, 5.51x 106 cm/s, 4.85x106 cm/s, 4.13x106 cm/s, 3.59x10¢ cm/s, 3.38x106 cm/s and
3.24x106 cm/s.

The 3 dB bandwidth is determined by the carrier transit time and RC constant [24,25]. The limit
of the transit time can be described as follows:

_ 045y,
tr d

where vh is the saturation hole drift velocity of the germanium, and d is the thickness of the

f

M

intrinsic germanium film. The limit of the RC can be described by:

" N
RC ™ 27RC

where R is the load resistance, and C is the capacitance. The 3-dB bandwidth can be estimated

)

by:
1

fog =——ro-
3dB m 3)

The measured series resistance was 618 (), and the capacitance was 4.5 {F, resulting in an RC-
limited bandwidth of 57.23 GHz. Using the saturation hole drift velocity obtained from the Hall effect
measurements experimentally, we calculated the bandwidth at various optical powers, as shown in


https://doi.org/10.20944/preprints202502.0996.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 February 2025 d0i:10.20944/preprints202502.0996.v1

6 of 8

Figure 6. This experimentally determined bandwidth serves as a reference and is consistent with the
data presented in Figure 2. The bandwidth derived from the saturation hole drift velocity aligns
closely with our experimental results, confirming that, for incident light powers less than 2.5 mW,
the saturation hole drift velocity is the primary factor that influences the bandwidth. Notably,
bandwidth values that are calculated using theoretical formulas tend to be slightly higher than those
that are observed experimentally. This discrepancy is due primarily to losses and measurement errors
during the testing process, which may affect the accuracy of the results. Overall, our findings
highlight the critical role of the saturation hole drift velocity in determining photodetector
performance under specific optical power conditions.
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Figure 5. Carrier saturation drift velocity versus photogenerated carrier concentration in the germanium layer
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Figure 6. The tested and calculated normalized Sz1 response of the photodetectors under different incident light

powers.

4. Conclusions

This work investigated the mechanism underlying the bandwidth reduction in Ge-on-Si
photodetectors at high incident light power. According to experimental and simulation results, we
conclude that the primary reasons for bandwidth reduction at high incident light power are the
carrier-screening effect and the decrease in the carrier saturation drift velocity. We conducted
multiple tests on the data in the paper, and the trend of the test results shows good consistency. Each
data point used in our paper is the median of multiple tests.

For incident light powers below 2.5 mW, despite a notable carrier-screening effect, the electric
field intensity across the absorption region remains sufficient for carriers to reach their saturation
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drift velocity. Thus, the carrier-screening effect has a minimal impact on the bandwidth of the
photodetector in this range. Instead, the primary factor influencing bandwidth is the increased
concentration of photogenerated carriers, which leads to a reduction in the saturation drift velocity
of the holes.

When the incident light power exceeds 3 mW, the electric field intensity in the carrier-screening
region becomes too weak to maintain the saturation drift velocity of the carriers. By increasing the
applied bias voltage, we mitigate the effect of carrier-screening on the electric field intensity.
However, the bandwidth remains lower than that observed at 0.5 mW. Therefore, an increase in the
concentration of photogenerated carriers leads to a decrease in the saturation drift velocity of the
holes, which is another significant factor in bandwidth reduction. This finding indicates that both the
carrier-screening effect and the decrease in saturation drift velocity contribute to bandwidth
reduction when the incident light power exceeds 3 mW.

The main reasons for the decrease in bandwidth under high incident light power are the carrier-
screening effect and the decrease in carrier saturation drift velocity, both of which are caused by
excessively high distributions of local carrier concentration. Therefore, in the design of Ge-on-Si
photodetectors, owing to the coupling of evanescent waves, the light field in the germanium
absorption region exhibits a strong weak alternating distribution. This leads to a carrier-screening
effect and a decrease in the carrier saturation drift velocity in regions with strong light field
distributions, thereby affecting the bandwidth. Optimizing the structural design to make the light
field distribution in the germanium absorption region more uniform can effectively improve the
frequency response characteristics of Ge-on-Si photodetectors under high incident light power.
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