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A high-speed germanium (Ge) waveguide photodiode (PD) is one of the key components of an integrated silicon
photonics platform for large-capacity data communication applications, but the parasitic parameters limit the
increase of its bandwidth. Several studies have been reported to reduce parasitic parameters, at the cost of com-
promising other performances. Here, we propose and investigate a bandwidth-boosting technique by compre-
hensively engineering the parasitic parameters. Experimentally, a bandwidth up to 80 GHz is realized for vertical
positive-intrinsic-negative (PIN) Ge PDs without decreasing the responsivity and dark current, indicating that

parasitic parameter engineering is a promising method to promote high-speed performance of Ge PDs.
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1. INTRODUCTION

Silicon photonics is promising for the demands of large-
capacity data communications applications such as data centers,
high-performance computers, and biomedical sensing [1,2].
One of the indispensable technologies in silicon photonics is
high-speed signal detection for the near-infrared (~1550 nm),
and germanium (Ge) is one of the most promising materials for
near-infrared photodiodes (PDs) in optoelectronic integrated
circuits due to its large absorption coefficient and compatibility
with complementary metal-oxide-semiconductor (CMOS)
technology [3]. Its superiority has led to substantial investiga-
tions of Ge PDs featuring high-frequency and responsivity in
recent decades [4—10], while the parasitic parameters from ei-
ther junction or electrodes limit a further increase in the band-
width [11-13]. The Ge PDs can be divided into vertical and
lateral positive-intrinsic-negative (PIN) junction structures.
Although the bandwidth has achieved 120 GHz at -1 V for
lateral ones [7], the dark current is very large and the fabrication
processes are complex, requiring silicon corrosion and a Ge
chemical mechanical polish [14,15]. On the other hand, ver-
tical PIN PDs enjoy great popularity, for their simple fabrica-
tion processes. However, they suffer from low bandwidth due
to high parasitic parameters [16,17]. Therefore, the parasitic
parameters are optimized in different ways to overcome these
issues, such as shrinking the intrinsic region to reduce the junc-
tion capacitance [11], optimizing silicon doping to reduce the
series resistance [18], and introducing spiral inductors in the
electrodes to offset part of capacitance effect [5]. However,
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all of these reported schemes optimize the parasitic parameters
separately, without comprehensively considering the relation-
ships between different aspects. For instance, in Ref. [11], only
the junction capacitance is reduced, and the bandwidth is still
limited by series resistance and electrode parasitic parameters.
In addition, they also suffer from optical responsivity degrada-
tion or fabrication complexity.

In this work, we propose and demonstrate a high-speed Ge
vertical PIN PD, by comprehensively optimizing the parasitic
parameters from both junction and electrodes. An equivalent
circuit model containing transit time and all parasitic param-
eters is considered. The bandwidth limit under a given intrinsic
region size is investigated through two-dimensional (2D) joint
optimization, by varying the silicon doping concentration and
electrodes inductance. Experimentally, the bandwidth is en-
hanced from 27 to 80 GHz, with a low dark current of 6.4 nA
and an optical responsivity of 0.89 A/W, leading to a high de-
tectivity. This is, to the best of our knowledge, the highest
bandwidth of a CMOS-compatible vertical Ge PIN PD re-
ported to date. This work provides guidance for the design
of high-speed and high-detectivity Ge PDs.

2. OPERATION PRINCIPLE

Herein, we give a comprehensive bandwidth analysis of Ge PDs
on a silicon-on-insulator (SOI) platform. Figure 1 shows the
cross-section view of the conventional Ge PD, and the
corresponding equivalent circuit is also provided. The PIN di-
ode is formed by the N-44 doped germanium, intrinsic
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Fig. 1. Cross-section view and equivalent circuit for a
conventional PD.

germanium, and P+ doped silicon, while the N4+ doped ger-
manium and P-4+ doped silicon constitute the ohmic contact
with the metal. In the circuit, the current source / represents
the photoelectric conversion in the absorption region. The
bandwidth of the PD is determined by both the transit time
and parasitic parameters. The transit time is represented by
the equivalent resistance R, and the equivalent capacitance
C, [19]. The parasitic parameters contain the junction capaci-
tance C s the series resistance R; that mainly comes from the
P+ doping region and silicon-metal contact resistance, and the
electrode parasitic parameters LP and C > aS well as the external
load R;. The current-controlled current source 7, acts as a
bridge between the transit time and the parasitic parameters,
while the 7, is the current flowing through the R, and the ¢
relates to the absolute amplitude of the load current, which
can be eliminated in normalization.

The normalized frequency response of the radio frequency
(RF) current through the load is shown in

1 1 1
H(f) = : : ,

H 1 +22fR,C, 1+j2nfR,C; 1+ j21fR,C,
)

where R, = R; /(1 + j22R;C,) + R, + j2xnfL,.

Then, the 3 dB bandwidth can be obtained by solving the
equation |H(f)|*> = 1/2. Figure 2(a) shows the simulated
bandwidth related to the R, and the Z,. The inserts are
other parameters used in the simulation with the intrinsic re-
gion of d = 400 nm, W = 5 pm, and L = 10 pm. They are
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Fig. 2. (2) Simulated bandwidth varying with R, and Z,.
(b) Calculated R; varying with p-type doping concentration.
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calculated or simulated using the equations in Refs. [19,20].
According to Fig. 2(a), the bandwidth increases with the de-
creased R; for a fixed Z,. When R; is fixed, the bandwidth in-
creases first and then decreases, with the inductance increasing.
This is because the capacitance effect is canceled out and the
bandwidth increases with increase in the inductance. However,
as the inductance continues to increase, the high-
frequency and medium-frequency responses are quickly cut
off and the bandwidth instead decreases [21]. Note that one
can always find an appropriate inductance that maximizes
the bandwidth.

As an implementation, the series resistance R; can be
changed effectively by the silicon P+ doping concentration cal-
culated via the model in Ref. [22], as shown in Fig. 2(b). When
the doping concentration increases, the resistance decreases un-
til it reaches a constant of ~50 Q for the given footprint of
silicon we adopted. The resistance of P+ doped silicon will
not be further reduced until ~10 Q, considering that the impu-
rities cannot be completely ionized at a sufficiently high doping
concentration [22]. The minimum of R; is mainly limited by
the unchanged silicon-metal contact resistance of ~40 Q [18].
Based on the analyses above, the full P4+ doping is used in the
whole silicon layer to minimize the resistance. On the other
hand, for conventional ground-source-ground (GSG) elec-
trodes, the L, is very small and can be significantly enlarged
by introducing inductors of different lengths to generate a gain
peaking effect [5,6]. When the inductance is about 240 pH, the
bandwidth limit is ~85 GHz for the minimum series resistance
of 50 Q, signed in Fig. 2(a). Note that other parasitic param-
eters remain almost unchanged for a fixed intrinsic region size,
and it is reasonable to perform the 2D optimization for R, and
L,. Thus, the theoretical limit can be obtained compared to the
individual optimization.

3. FABRICATION AND EXPERIMENTAL
RESULTS

We design and fabricate three PDs, namely PD-A, PD-B, and
PD-REF with different silicon doping concentrations and elec-
trode shapes, corresponding to different R, and Z,, as shown in
Table 1. The PD-A and PD-B are the ones with 2D optimi-
zation and inductance-only optimization, while the PD-REF is
the conventional scheme. Optimizing the R, alone, which has
been reported in Ref. [18], usually does not revolutionize the
bandwidth and it is not repeated here. The inductance is
mainly determined by the geometry of the electrodes. The
thickness of the electrode is fixed at 2 pm, and the plane shape
can be freely designed and optimized. The series resistance is
mainly determined by the geometry and doping concentration
of silicon. A larger doping concentration contributes to a

Table 1. Silicon Doping and Electrode Inductors of
Three Kinds of PDs

Type Silicon Doping Simulated Inductor
PD-A P4+ With 240 pH
PD-B P+ With 300 pH
PD-REF P+ Without
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Fig. 3. (a) 3D schematic of the PD-A. (b) Cross-section of the PD-
A with full silicon P4+ doping. (c) Microscopic image for the PD-A/
B with inductor. (d) Microscopic image for the PD-REF without in-
ductor.

smaller series resistance, for a given geometry size. The 3D
schematic of the PD-A is shown in Fig. 3(a). The light is
coupled from the laser to the PDs using the grating coupler
and Si waveguide. The cross-section and microscopic image
of the PD-A are shown in Figs. 3(b) and 3(c), respectively.
The footprints and electrodes of the PD-A and PD-B are
the same, and only the microscopic image of the PD-A is pro-
vided for simplicity. The microscope image of the PD-REF
with conventional doping and GSG electrodes is shown in
Fig. 3(d).

The PDs are fabricated using an SOI wafer with an 220 nm
thick silicon top layer and a 2 pm buried oxide (BOX). The
grating coupler is first etched 70 nm from 220 nm silicon layer.
After that, the silicon layer is etched into a ridge waveguide with
2 90 nm slab for better light constraints. Then, the silicon top
layer is P4+ or P+ doping using different doses of boron. A
500 nm thick germanium is deposited on the doping region of
the silicon, and ~100 nm depth N4+ doping of phosphorus is
implanted on top of the Ge to form the vertical PIN junction.
The area of the Ge is 5 pm wide and 10 pm in length. The first
via and metal to N4+ Ge and P++ silicon are fabricated; sub-
sequently, the second via and metal are fabricated to form dif-
ferent inductors. PD-A, PD-B, and PD-REF were fabricated on
the same wafer and at the same time.

A. Static Measurements

The /-V characteristics of the PDs are measured using a source
meter (B2900, Keysight Technologies, Santa Rosa, CA, USA),
a probe station, and a tunable laser (TLG-200, Alnair Labs
Corp., Tokyo, Japan). The photocurrent is measured at
1550 nm under a received optical power of -5.8 dBm, by
extracting the coupling loss of the grating coupler. We do
not use a normalization silicon waveguide to remove the losses
caused by propagation because the loss is negligible. Figure 4
shows the I-V characteristics of the three PDs. The dark cur-
rents are similar under different bias voltages, indicating
that engineering the parasitic parameters does not degrade
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Fig. 4. [V characteristics of PDs at dark and with light incidence.

Table 2. Responsivities and Dark Currents of Three
Kinds of PDs

Type Responsivity (A/W) Dark Current (nA)
PD-A 0.89 6.4
PD-B 1.00 6.0
PD-REF 1.00 4.5

the dark current. The photocurrent is almost constant under
0 to -3 V owing to the strong built-in electric field that is
capable of sweeping out most of the photo-generated carriers
within their lifetime. Table 2 presents the dark currents of PD-
A, PD-B, and PD-REF at -3 V, and they are 6.4, 6.0 and
4.5 nA, respectively. The measured responsivities are 0.89,
1.00, and 1.00 A/W. The PD-A shows a slightly lower respon-
sivity induced by a stronger free carrier absorption [23]. These
suggest that engineering the parasitic parameters rarely degrades
the responsivity and dark current because they are not directly
related to the parasitic parameters.

B. Small-Signal Measurements

Small-signal RF measurements are carried out using a 67 GHz
vector network analyzer (VNA: MS4647B, Anritsu Corp.,
Kanagawa, Japan) in the test range of 10 MHz to 70 GHz with
50 Q load resistance. The impedance standard substrate [101-
190C, FormFactor (formerly Cascade Microtech), Beaverton,
OR, USA] is used to calibrate the bias-tee, cables, and microp-
robe (167-GSG-150, FormFactor).

The normalized S, parameters are shown in Fig. 5. The
measured 3-dB bandwidths of PD-A and PD-B are larger than
70 GHz, while the bandwidth of PD-REF is only 27 GHz. The
frequency response beyond 70 GHz cannot be tested due to the
limited bandwidth of the VNA. To further estimate the band-
width, the equivalent circuit model is used. The measured S,
curve is first fitted in the range of 0-70 GHz to extract the
parasitic parameters. Then it is simulated in the range of
0-90 GHz, and the 3-dB bandwidths of PD-A and PD-B
are found to be 80 and 73 GHz, respectively, as the dashed
lines in Fig. 5 show. The fitting results agree well with the test
ones. The extracted series resistances are 62.1 and 82.4 €, re-
spectively, corresponding to a bandwidth limit of 82 and
75 GHz. Obviously, the proposed 2D parameters optimization
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Fig. 5. Measured and fitted bandwidth characteristics of Ge PDs.

helps to reach the theoretical limit for a given intrinsic region.
Further enhancement of bandwidth is possible by reducing the
thickness of Ge, as the bandwidths of the optimized PDs are
now transit time limited. For example, the theoretical band-
width limit is up to 100 GHz for intrinsic Ge that is
300 nm thick.

4. DISCUSSION

To fairly characterize the proposed PDs, we take advantage of
the concept of detectivity (D*), which is calculated using [24]

R\JALF

\/ [szhot + ]ﬁ'ler

where R is the responsivity, A f is the unit bandwidth (1 Hz),
L oc is the shot noise, and 7y, is the thermal noise. 7, and
I e can be expressed as

]shot =V qudarkAf’ (3)

D = P

4FTAF
R bl

shunt

[ther -

4)

where 7 4, is the dark current and Ry, is the shunt resistance,
which is extracted by taking d7/dV at V' = 0. It can be seen
from Eq. (2) that D* includes both the responsivity and the

Table 3. Comparison of the High-Speed Waveguide-
Coupled Ge PDs

Dark

Current Responsivity Bandwidth ~ Detectivity
Refs. Type (nA) (A/W)) (GHz) (cm-Hz!/2.W-1)
[4] Vertical 19 0.6 50 2.56 x 10°
(5] Vertical 3000 0.75 60 6.85 x 10°
[6] Vertical 61 0.85 67 4.30 x 10’
[71 Lateral 4000 0.8 120 8.94 x 10°
[8] Lateral 2.5 0.72 67 6.78 x 10°
[9] Lateral 40 0.5 50 3.13 x 10°
This Vertical 6.4 0.89 80 1.33 x 10"
work

dark current, and it is a more suitable metric to characterize
the comprehensive performance of the PD. A higher respon-
sivity and a lower dark current can lead to a higher D*.
Table 3 summarizes the comparison of the high-speed wave-
guide-coupled Ge PDs in literature and our work. The latter
has the best detectivity, thanks to the ultralow dark current and
highest responsivity. The bandwidth is also the highest among
the reported vertical Ge PDs using conventional fabrication
processes. Although Ref. [7] demonstrated a bandwidth as high
as 120 GHz, the process is complex (requiring silicon corrosion
and a Ge chemical mechanical polish) and the dark current is
large, resulting in a ~15x lower detectivity. We believe the
proposed work is very attractive for applications such as a
high-speed data communications system, considering the high-
performance and zero-change fabrication process in the stan-
dard silicon photonics platform.

5. CONCLUSION

We have demonstrated that 2D parasitic parameter engineering
enables a significant bandwidth boost for Ge PDs. The band-
width is experimentally enhanced from 27 to 80 GHz, and ap-
proaches the limit of 82 GHz. This method does not cause a
degradation in responsivity and the dark current, which results
in a very high detectivity. We believe it will pave the way toward
the design of high-speed, high-detectivity Ge PDs.
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