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The design of vertical and lateral PIN Ge-on-Si photodetectors was motivated by
the disparity in electron and hole mobilities. In the case of vertical PIN junction
detectors, configuring the slab region as n-type doping leads to a notable increase
in the bandwidth of approximately 20 GHz compared to utilizing p-type doping
for the slab. For lateral PIN junction detectors, we determined that setting the
length of the n-type slab region to be 2.8 times that of the p-type slab region,
based on the carrier saturation drift rate ratio, does not compromise the
bandwidth. This configuration enhances the bandwidth while minimizing light
absorption loss from the electrode. The proposed design in this study enhances
the performance of Ge-on-Si photodetectors without adding complexity to the
fabrication process. The principles applied in this study serve as instructive
references for the conceptualization of other photonic or electronic devices,
reinforcing the widespread applicability of these design strategies.
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1 Introduction

Silicon photonics technology has attracted extensive research interest due to their CMOS
process compatibility, low power consumption, and high integration [1–3]. A Ge-on-Si
photodetector is one of the key components in a transceiver system, and its performance
plays a decisive role in the transmission capacity [4–6]. Plenty of works have been carried out
on Ge-on-Si photodetector’s design, and a series of progress has already been made in recent
years [7–12]. However, its properties need further improvement for the application in 5G
communication, optical computation, unmanned driving, and optical sensing [13–15]. Ge-
on-Si photodetectors are currently available in two main structures: vertical and lateral PIN
junctions. Vertical PIN junction photodetectors have been shown to achieve a larger
bandwidth due to their more uniform electric field distribution, as demonstrated in
previous studies [8–10]. On the other hand, lateral PIN junction devices exhibit a higher
responsivity by minimizing light loss attributed to the absence of electrodes within their
germanium absorption regions [6, 11, 12]. In the case of vertical PIN junction
photodetectors, the top layer of germanium, being unintentionally doped and exhibiting
n-type characteristics, is typically subjected to n-doping. Consequently, the bottom slab
region of these detectors is p-doped [10]. As for lateral PIN junction detectors, reported
designs, to the best of our knowledge, have utilized equal lengths for both the n-type and
p-type slab regions [6, 11, 12].
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Opto-electronic 3-dB bandwidth, responsivity, and dark current
are critical performance indicators for Ge-on-Si photodetectors.
Achieving a balance between bandwidth and responsivity is
crucial due to their interdependency, and as a result, the design
of photodetectors aims for optimization [16–18]. The distance
between electrodes in Ge-on-Si photodetectors has a significant
impact on both carrier transport time and parasitic capacitance.
Decreasing the electrode distance reduces the carrier transport time
but increases the parasitic capacitance, while increasing the electrode
distance has the opposite effect. However, an important factor that
has often been overlooked in the optimization process is the
substantial difference in mobility between electrons and holes
within silicon. This disparity in mobility between the two carrier
types introduces additional complexities that should be taken into
account to further improve the design and performance of Ge-on-Si
photodetectors. By considering the disparate mobility characteristics
of electrons and holes, it is possible to develop optimized designs
that harness the full potential of these devices. In the n-type slab of
Ge-on-Si photodetectors, the major carriers are electrons with a
mobility of approximately 1,230 cm2/(Vs), while in the p-type slab,
the major carriers are holes with a mobility of around 480 cm2/(Vs)
[12]. By adjusting the lengths of the n-type and p-type slabs
accordingly, it is possible to achieve an ideal match in the
duration of electrons and holes within the PIN junction. This
adjustment not only optimizes the parasitic capacitance between
the electrodes but also enhances the overall performance of the
photodetectors. By exploiting the disparity in carrier mobilities, we
can further improve the performance of Ge-on-Si photodiodes
without the need for additional fabrication processes. In this
study, we focused on optimizing the structure of the Ge-on-Si
photodiodes and conducted a thorough analysis of the
characteristics exhibited by both vertical and lateral PIN
junctions, taking into account the difference in carrier mobility.

2 Device design

Two distinct vertical PIN junction photodetector structures
were designed and illustrated in Figure 1. The first device
(Figure 1A) features a p-type germanium absorption region, an
n-type silicon rib waveguide, and an n-type slab region. The second

device (Figure 1B) employs an inverse doping configuration with an
n-type germanium absorption region, a p-type doped silicon rib, and
a p-type slab region. It merits mentioning that the n-type
germanium absorption layer represents the typical architecture
for vertical Ge-on-Si photodetectors. However, alternative
structures such as p-type doped germanium are also available
and have been documented in the prior literature studies [5, 19].
This underlines the flexibility and diversity inherent in the design of
such optoelectronic devices. In our design, the silicon rib waveguide
has a thickness of 220 nm and a width of 1.5 μm. The slab region,
which is 60 nm thick, spans a width of 1.5 μm and is positioned
between the edge of the core waveguide and the electrode. The
germanium region has a thickness of 600 nm and a width of 1.5 μm
[11]. The photodetector length, germanium layer, and electrode are
all set to 10 μm for our calculations. The doping concentration in the
p- and n-type silicon waveguides is 1 × 1015 cm−3, while the slab
region has a doping concentration of 1 × 1017 cm−3 [8]. The electrode
contact region is heavily doped to ensure good ohmic contact and
has a doping concentration of 1 × 1020 cm−3 in silicon [8]. For the
heavily doped p- and n-type germanium regions, the doping
concentrations are 3.8 × 1018 cm−3 and 1 × 1019 cm−3, respectively
[19]. To facilitate further discussions, the p- and n-type doped
germanium devices are denoted as V-PIN 1 and V-PIN 2,
respectively.

We also investigated the impact of carrier mobility differences in
the lateral PIN junction photodetector. The cross-sectional structure
of a typical lateral PIN junction photodetector is shown in
Figure 2A. The slab region has a thickness of 220 nm and a
length of 1.5 µm. The germanium layer is 600 nm thick, 1.5 µm
wide, and 10 µm long [11]. The white region in Figure 2 represents
the intrinsic silicon region with a width of 200 nm. Both the p-type
and n-type silicon slab regions have a doping concentration of 1 ×
1017 cm−3, while the electrode contact part is heavily doped with a
concentration of 1 × 1020 cm−3 to ensure good ohmic contact [8]. To
further examine the influence of the carrier transport rate on the
operating frequency of the lateral PIN photodetector, additional
device geometries were proposed for comparison. In Figure 2B, the
length of the n-type slab is set to be 4.2 µm, which is 2.8 times that of
the p-type slab, considering the disparity in carrier mobility to
match the transport time of holes. Figure 2C shows the scenario
where the length of the p-type slab is 2.8 times that of the n-type slab.

FIGURE 1
Two vertical PIN photodetector structures. (A) P-type germanium absorption layer; (B) N-type germanium absorption layer.
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Figure 2D presents a configuration where the length of the n-type
slab is four times that of the p-type slab. For the purpose of
discussion, the structures shown in Figures 2A–D are referred to
as L-PIN 1, L-PIN 2, L-PIN 3, and L-PIN 4, respectively.

In this study, a three-dimensional finite-difference time-domain
(FDTD) method is employed to simulate the propagating light field
within the device structure. This simulation allows for the
determination of the field distribution in the presence of the
germanium layer, which is subsequently used to calculate the
distribution of absorption and optical generation rate within the
device. To ensure accurate results, a conformal mesh with a spatial
resolution of less than 1/10 of the smallest feature size is utilized.
Following the calculation of the optical generation rate, the carrier
transport process is simulated. The finite element method (FEM) is
employed to calculate the time-dependent carrier transport and
photoresponse. A time resolution of 0.1 ps is chosen for these
calculations, enabling the accurate analysis of the temporal
behavior of carrier dynamics within the device. By combining the
FDTD method for light-field simulation and the FEM for carrier

transport and photoresponse calculations, a comprehensive
understanding of the device’s performance and characteristics can
be achieved.

3 Results

The photocurrent characteristics of two vertical PIN junction
photodetectors, V-PIN 1 and V-PIN 2, were simulated under a bias
voltage of −1 V using a 10-ps optical pulse. In Figure 3, the black
curve represents V-PIN 1, while the red curve corresponds to V-PIN
2. To compare the performance of the two geometries, the
photocurrent responses were normalized. In V-PIN 1, the
maximum pulse current generated was 78.27, and the pulse
current’s full width at half maximum (FWHM) was 19.44 ps. On
the other hand, V-PIN 2 exhibited a maximum pulse current of
70.01 with a longer FWHM of 39.20 ps. This indicates that the
carrier transport time in V-PIN 1 was shorter than that in V-PIN 2.
The primary difference between the two vertical photodetectors lies

FIGURE 2
Cross-sectional diagram for four lateral PIN junction photodetectors with different slab designs. (A) The typical structure; (B) The length of the n-
type slab is 2.8 times that of the p-type slab; (C) The length of the p-type slab is 2.8 times that of the n-type slab; (D) The length of the n-type slab is 4 times
that of the p-type slab.
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in the doping type at the bottom of the silicon slab region. According
to the Poisson equation, the electric field intensity in both vertical
photodetectors and the PIN junction exceeded 104 V/cm, which is
sufficiently high for the carriers in the active region to reach
saturation mobility [20]. The main factor contributing to the
different charge and discharge times in the two vertical
photodetectors is the disparity in electron and hole mobilities
in silicon. Since the carrier transport distance is much longer on
the lower side of the structure, the carrier transport time in the
silicon slab region becomes the limiting factor for the entire PIN
junction. Notably, the carrier transport time in the n-type slab was
shorter than that in the p-type slab, assuming the same doping
concentration. In other words, the n-type silicon slab photodetector

is capable of operating at a faster frequency due to its reduced carrier
transport time.

The frequency-dependent opto-electronic response curves of the
two vertical photodetectors, V-PIN 1 and V-PIN 2, were calculated
and are presented in Figure 4. In the low-frequency range, the
response intensity of V-PIN 1 was higher than that of V-PIN 2. This
difference can be attributed to the larger resistance in the p-type slab
of V-PIN 2, leading to greater signal loss. As the frequency increased,
the response intensity of V-PIN 2 began to decline noticeably at
around 20 GHz, while the response intensity of V-PIN 1 started to
decline at approximately 27 GHz. This observation indicates that
carrier mobility has a significant influence on the charge and
discharge velocity within the devices. The simulated 3-dB
bandwidth for V-PIN 1 was calculated to be 42.98 GHz, while
V-PIN 2 exhibited a wider bandwidth of 69.57 GHz. This
difference can be attributed to the use of an n-doped silicon rib
and slab structure, which demonstrated a ~26 GHz increase in
bandwidth compared to the p-doped configuration. These results
highlight the importance of carrier mobility in determining the
frequency response and bandwidth of the vertical photodetectors.
The use of n-doped silicon structures can lead to improved
performance in terms of bandwidth and high-frequency response.

The photocurrent response curves of the four lateral PIN
junction photodetectors, under a bias voltage of −1 V, were
simulated and presented in Figure 5. The same 10-ps pulsed
optical signal was applied to all the devices. It is worth noting
that a bias voltage of −1 V was chosen to ensure that the electric field
intensity in the active region of the photodetectors exceeded 104 V/
cm, thus achieving saturation mobility for all carriers [20]. The
photocurrent response curves of L-PIN 1 and L-PIN 2 were nearly
identical, with maximum currents of 52.11 and 51.38, respectively.
In contrast, the photocurrents of L-PIN 3 and L-PIN 4 exhibited
significant reductions, measuring 29.53 and 34.59, respectively. The
full width at half maximum (FWHM) values of the charging current

FIGURE 3
Photocurrent curve of two vertical photodetector structures
under a pulsed optical signal. The square curves show the origin data,
and the solid curves show the fitting results.

FIGURE 4
Opto-electronic response of two vertical photodetectors.

FIGURE 5
Photocurrent curve of four lateral PIN junction photodetectors.
The square curves show the origin data, and the solid curves show the
fitting results.
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curves were 25.81 ps for L-PIN 1, 25.96 ps for L-PIN 2, 45.71 ps for
L-PIN 3, and 39.20 ps for L-PIN 4. The total carrier transport time
remained unchanged when the length of the n-type slab was
extended to 2.8 times that of the p-type slab. However, a
substantial increase in carrier transport time was observed when
the length of the p-type slab was extended or when the length of the
n-type slab was extended to four times that of the p-type slab. It can
be observed that the carrier transport time in L-PIN 1 was primarily
determined by the p-type slab. When the length of the n-type slab
was extended to 2.8 times that of the p-type slab, the transport time
for both electrons and holes could be ideally balanced, and the
carrier transport time within the PIN junction remained unaffected.
Conversely, extending the length of the p-type slab resulted in a
significant increase in carrier transport time, with the low hole
mobility playing a decisive role. When the length of the n-type slab
was extended to 4 times that of the p-type slab, the electron mobility
was 2.8 times that of the hole mobility, and the transport distance
was 4 times longer for electrons than for holes. As a result, electron
transport took longer than hole transport, leading to an increased
carrier transport time within the PIN junction. Therefore, when the
length of the n-type slab is set to be 2.8 times that of the p-type slab
in the lateral PIN junction Ge-on-Si photodetector, the transport
time for both electrons and holes excited by light illumination within
the PIN junction can be ideally matched.

The opto-electronic bandwidth curves of the four lateral PIN
junction photodetectors were simulated and are depicted in Figure 6.
The 3-dB bandwidth values for L-PIN 1, L-PIN 2, L-PIN 3, and
L-PIN 4 were found to be 40.86, 43.13, 28.65, and 34.73 GHz,
respectively. These results are consistent with the pulse-current
time characteristics observed in the PIN junctions. Notably,
L-PIN 2 exhibited a larger bandwidth than L-PIN 1. The reason
behind this discrepancy is that extending the length of the slab
increases the distance between the two metal electrodes, resulting in
a decrease in the parasitic capacitance of the electrode [21]. As a
result, the loss of high-frequency signals is reduced, leading to an

increase in the bandwidth. In general, extending the length of the
slab tends to improve carrier transport time and resistance, which
would typically reduce the bandwidth of the photodetectors.
However, when the length of the n-type slab is extended to be
2.8 times that of the p-type slab, the carrier transport time is
primarily determined by the p-type slab. In this case, extending
the length of the n-type slab does not affect the charge and discharge
time, allowing for ideal matching of the charge and discharge time
between the n- and p-regions during the operation of the detectors.
Although extending the length of the n-type slab may increase the
resistance, the increase in resistance affects both low-frequency and
high-frequency signals equally [22], thus not impacting the
bandwidth. Additionally, the increase in resistance leads to a
slight reduction in the voltage of the active area. However,
according to the Poisson equation, the increased resistance
results in a minimal decrease in electric field intensity, which still
exceeds the intensity required for carriers to reach saturation
mobility, while the parasitic capacitance of the electrode is
reduced in L-PIN 3 and L-PIN 4 as well; its influence is
relatively small compared to the increased carrier transport time,
resulting in a reduction in the bandwidth of the photodetectors. The
bandwidth of L-PIN 3 exhibits a significant decline starting from
around 6 GHz, while the bandwidth of L-PIN 4 experiences a
notable drop from approximately 8 GHz. In comparison, the
bandwidth of L-PIN 1 and L-PIN 2 begins to decrease
significantly after 13 GHz. The substantial decrease in response
amplitude indicates that the bandwidth becomes limited by
carrier mobility.

4 Discussion

In this study, we demonstrated methods for designing both
vertical and lateral PIN junction Ge-on-Si photodetectors,
leveraging the mobility difference between electrons and holes.
The use of an n-type doped silicon slab region resulted in a ~26-
GHz wider bandwidth for the vertical PIN junction photodetector.
In lateral PIN junctions with equal lengths for the n- and p-type
slabs, the charge and discharge times of the p-type region are
2.8 times longer than those of the n-type region. Consequently,
the operating speed of the detector becomes restricted by the charge
and discharge times of the p-type region. By extending the length of
the n-type slab to 2.8 times that of the p-type slab, the charge and
discharge times of both the n-type and p-type regions can be ideally
matched. Additionally, the growth in the length of the n-type slab
increases the distance between the electrodes, thereby reducing the
parasitic capacitance. This reduction in high-frequency loss allows
for an increase in the bandwidth of the photodetector.

Moreover, increasing the separation between the electrodes and
the germanium absorption layer serves as an effective strategy to
disrupt the confluence of bandwidth optimization and loss
mitigation, a previously identified performance bottleneck.
Crucially, the optimized devices can be fabricated using
compatible processes available in silicon photonics foundries. The
implementation of the asymmetrical slab design can be achieved
using standard lithography processes. The principles and insights
presented in this work offer valuable references for the design of
various types and applications of active devices, making them

FIGURE 6
Opto-electronic response of four lateral PIN junction
photodetectors.
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practical and valuable for various applications in the field of
optoelectronics.
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