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Germanium-on-silicon (Ge-on-Si) avalanche photodiodes (APDs) are widely used in near-infrared detection, laser
ranging, free space communication, quantum communication, and other fields. However, the existence of lattice
defects at the Ge/Si interface causes a high dark current in the Ge-on-Si APD, degrading the device sensitivity and
also increasing energy consumption in integrated circuits. In this work, we propose a novel surface illuminated
Ge-on-Si APD architecture with three terminals. Besides two electrodes on Si substrates, a third electrode is
designed for Ge to regulate the control current and bandwidth, achieving multiple outputs of a single device
and reducing the dark current of the device. When the voltage on Ge is −27.5 V, the proposed device achieves
a dark current of 100 nA, responsivity of 9.97 A/W at −40 dBm input laser power at 1550 nm, and optimal
bandwidth of 142 MHz. The low dark current and improved responsivity can meet the requirements of autono-
mous driving and other applications demanding weak light detection. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.452004

1. INTRODUCTION

Compared to the photodiode (PD), the avalanche photodiode
(APD) can achieve higher sensitivity and quantum efficiency
because of the internal gain mechanism. APD is widely used
in optical sensing, quantum communication, LiDAR, and
autonomous driving [1,2].

The III-V material-based APD suffers from high material
cost and incompatibility with CMOS integration. These issues
can be avoided by using germanium-on-silicon (Ge-on-Si)
APDs. Being a small bandgap material, Ge has a strong linear
absorption characteristic up to 1550 nm. The measured
absorption coefficient is ∼10,000 cm−1 at 1310 nm and
∼5000 cm−1 at 1550 nm [3]. Its absorption range can be ex-
tended up to 1.6 μm by utilizing tensile strain-based bandgap
engineering [4]. However, the large lattice mismatch (∼4%)
between Ge and Si results in a high dislocation density and
makes it difficult to realize a high-quality epitaxial Ge layer
on Si substrate. Despite great progress on the growth of Ge-
on-Si in recent years [5], the problem of the large dark current
caused by defects in Ge remains unsolved.

Meanwhile, the waveguide coupling method has been
widely adopted to improve the responsivity of Ge-on-Si APDs

[6–8]. Compared with the traditional surface illumination de-
tector [9–11], the waveguide integrated APD has a much
longer absorption length to achieve a higher response rate.
However, this type of micro-nano optical structure is unable
to collect the scattered light signal in the field of free space com-
munication efficiently, rendering it unsuitable for the applica-
tion of unmanned and LiDAR detection.

In this work, a three-terminal surface illuminated Ge-on-Si
APD is proposed. Previously, Zheng et al. proposed a three-
terminal Ge-on-Si APD [12–14]; its responsivity was
0.48 A/W, and it faces challenges to further optimize the dark
current due to the stringent requirement of alignment accuracy
between p-doped fingers and n-doped fingers. In our proposed
structure, for the first time, we use an extended p-charge layer,
separating the absorber region of germanium and the Si-APD
region. Ge does not sit directly on top of the multiplication
region, thus causing dark current reduction. In order to im-
prove the output characteristics of the device, we introduce
three electrodes to regulate and control the electric field. The
electric field in the absorption region is controlled by the
voltage on the Ge, and the multiplication is realized by the volt-
age on Si. By changing the applied voltages on Ge and Si, the
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current and bandwidth of the APD can be optimized independ-
ently. The proposed device demonstrates a good responsivity of
9.97 A/W with a low dark current of 100 nA. The optimal
bandwidth is 142 MHz, which is sufficient for application
in free space optical communication. The low dark current
and good responsivity enable the APD to be used in weak light
detection and integrated in a large pixel array.

2. DEVICE OPERATION MECHANISM, DESIGN,
AND FABRICATION

Traditional Ge-on-Si APDs generally require large electric
fields to obtain large gains in the avalanche regions. The large
electric field can easily deplete the charge layer and then extend
into the Ge absorption layer. But there is a mass of dislocations
in the epitaxial Ge absorption layer on Si due to the lattice mis-
matches at the interface. These dislocations can form thermal
generation-recombination centers and, thus, induce a large
dark current under a large electric field [15]. In order to solve
this problem, we proposed a three-terminal Ge-on-Si APD
structure, as shown in Fig. 1(a). It consists of two parts. One
part provides a large gain, and it is a traditional two-electrode
Si-APD structure [as shown on the right side of Fig. 1(a)]. This
part of the structure has the excellent performance of Si-APD,
low dark current and high gain, but this structure cannot re-
spond to the near-infrared light. Therefore, the other part of the
structure provides photoinduced charge, which is in the Ge ab-
sorption region. The Ge region can generate photogenerated
carriers for near-infrared light, and this absorption region is
controlled by an independent electrode. The novelty of the
APD in this work is that the Ge absorption region and tradi-
tional two-electrode Si-APD structure are connected through
an extended Si charge region as a bridge. This region separates
the absorption region from the Si-APD region. The electric
field in the Ge absorption region is mainly determined by
the voltage on the Ge electrode, while the electric field in
the multiplication region of Si is controlled by the voltage ap-
plied between n�� and p�� Si. The existence of this fea-
ture enables the device to respond to near-infrared light and
achieve a high response at low dark current. At the same time,
different outputs can be realized under different voltages ap-
plied to Ge. This is also useful for studying the influence of
different electric fields in the Ge absorption region on photo-
current and bandwidth.

The devices were built on a silicon-on-insulator (SOI) wafer
with 220 nm top-silicon, fabricated using the standard process
in AdvancedMicro Foundry (AMF), Singapore. Ge is grown by
reduced pressure CVD (RPCVD), via selective Si epi growth.
After the device is done, all the APDs are covered by oxide,
which will help reduce the surface leakage current. The specific
preparation steps of the device are as follows. The top-silicon
layer was etched to define Si mesa patterns as shown in
Fig. 1(b). Boron and phosphorus were implanted on the
wafers to form p-type and n-type regions, respectively. The
p�� and n�� regions are the two terminals for Si. The Ge
layer was then epitaxially grown on a light p-type region [high-
lighted in pink in Fig. 1(b)]. The dimension of the epitaxial
Ge is 30 μm �diameter� × 30 μm �diameter� × 720 nm (height).
The Ge film was intrinsic by growth and was subsequently

implanted to form p�� Ge at the top surface and thus to
form the Ge terminal contact.

Simulation was performed to examine the electric field in
the device using TCAD software. Because the structure is
three-dimensional and cannot be simplified in both the hori-
zontal and vertical directions, three-dimensional device simu-
lation is used. Figure 1(c) shows the simulated electric field in
the germanium region. Figure 1(d) shows the electric field be-
tween the two electrodes of p�� and n�� Si. The electric
fields in Figs. 1(c) and 1(d) were obtained with 55 V being
applied on the n�� Si terminal, while p�� Si is at ground
potential and Ge terminals are floated. It is observed that, at a
breakdown voltage of 55 V, the electric field in the Si avalanche
region is 2.7 × 105 V∕cm, larger than the threshold electric
field triggering avalanche multiplication in Si. At the same time,
the low electric field in the Ge layer is beneficial for dark cur-
rent reduction by suppressing undesired avalanche breakdown
in Ge [16]. However, the low electric field in Ge will cause a
low responsivity. Therefore, the voltage on the Ge terminal
needs to be adjusted to improve the device responsivity while
maintaining a low dark current.

3. DEVICE CHARACTERIZATION

A. Two-Terminal I-V Characteristics and
Responsivity
The APD was characterized using the Keysight N7714A laser
as the light source. Light was illuminated directly above the Ge
active layer of the detectors through single mode fiber.
Meanwhile, the probes contacted the APD’s electrode pads,
which are connected to the Keysight 4200-SCS for data
reading.

Due to the complexity of three-terminal APD, the device
can be used as a traditional APD by floating one of the elec-
trodes. The first configuration is to float the electrode on Ge

Fig. 1. (a) Structural diagram of three-terminal Ge-on-Si APD.
(b) SEM image of pixel units. (c) Electric field simulation diagram
of Ge region. (d) Simulated electric field in Si APD area [electric field
at different positions of line A in (b)].
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and make the APD region in Si reversely biased. The observed
light response is very weak because photo carriers in Ge cannot
be swept into the APD region in Si to form a photocurrent. The
second configuration is to apply reverse bias between Ge and
the n�� Si terminal. The photocurrent of the APD was mea-
sured as a function of incident light power at both 1310 and
1550 nm. As shown in Figs. 2(a) and 2(c), when the dark cur-
rent is greater than 0.1 nA, the device will generate a significant
photocurrent under low input optical power. Due to the in-
crease of the electric field inside Ge, the photogenerated carriers
in Ge sweep into the avalanche region in Si to form a photo-
current. The responsivity of the device under different input
light powers is shown in Figs. 2(b) and 2(d). When dark cur-
rent is 100 nA, the device has a responsivity of 1.29 A/W and
1.63 A/W at 1550 nm and 1310 nm, respectively, when the
input laser power is −20 dBm.

B. Three-Terminal I-V Characteristics and
Responsivity
To better understand the device physics of three-terminal APD,
three-dimensional simulation with TCAD software was per-
formed. A fixed voltage is applied on the Ge electrode, and
the p�� Si terminal is at ground, while the voltage varies
on n�� Si terminal. According to our initial simulation re-
sults, this voltage application mode can adjust the dark current.
At the same time, the three electrode voltage application mode
also best reflects the distinction between the three-terminal-
based APD and the conventional APD. In previous reports
of APDs, the output characteristics of this voltage application
method were not specifically reported, even if it was a three-
terminal device, such as in Ref. [12].

The trend of the simulated current is consistent with the
measured results as shown in Figs. 3 and 4(a), and the electric
field from TCAD software simulation is depicted in Fig. 5.
Figure 5(b) shows the electric field in Si along the n�� to

p�� direction when different voltage biases were applied
on the Ge terminal, ranging from 0 to −40 V. It shows that
the voltage on Ge has negligible impact on the electric field
inside Si. This phenomenon is attributed to the existence of
the bridge region, which separates the Ge from the Si region.
In Fig. 5(d), the simulated electric field in Ge increases with the
increase of applied voltage in the Ge region. It is obvious from
Figs. 3 and 4(a) that dark current increases with the increase of
applied voltage. When the voltage on Ge is −40 V, the electric
field in Ge is about 1.3 × 104 V∕cm [see Fig. 5(d)], and the
initial dark current is still at nA level.

Fig. 2. (a) Current characteristic diagram at 1550 nm under differ-
ent input optical power. (b) Responsivity characteristic diagram
at 1550 nm under different input optical power. (c) Current char-
acteristic diagram at 1310 nm under different input optical power.
(d) Responsivity characteristic diagram at 1310 nm under different
input optical power. The figure shows the voltage applied to two
terminals Ge and n�� Si.

Fig. 3. It represents the simulated dark current diagram (current
output at the n�� terminal) when different fixed voltages are ap-
plied to Ge when the n�� Si voltage is 60 V and p�� Si is
grounded.

Fig. 4. When the n�� Si terminal scanning voltage is 60 V, the
p�� Si terminal is grounding, and different fixed voltages are ap-
plied to Ge: (a) dark current; (b) current characteristic diagram at
1550 nm under input optical power −20 dBm. (c) Under the fixed
Si voltage, the dark current of n�� Si terminal varies with the ap-
plied voltage of Ge. (d) Under the fixed Si voltage, the current at
1550 nm at an input optical power of −20 dBm varies with the applied
voltage of Ge.
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Due to the existence of the bridge region [see Fig. 5(a)], the
Ge absorption region and the Si multiplication region are sep-
arated. As shown in Fig. 5(c), we can see that Ex increases with
the increase of the voltage applied to Ge, which makes more
carriers enter the Si multiplication region through the bridge
region and realize the avalanche and multiplication effects.
In summary, this structure can control the electric field in
Ge by changing the voltage in Ge, while the avalanche ampli-
fication electric field in the Si region is basically unaffected.

Dark current at different voltages on Ge was measured, as
shown in Fig. 4(a). As expected, the dark current increases with
the increase of the applied voltage on the Ge electrode. The
difference in breakdown voltage (defined as the voltage when
dark current is 10−5 A) is less than 2 V as the voltage on Ge
changes from 0 to −40 V. From Figs. 4(c) and 4(d), when the
voltage of the n�� terminal is kept constant, the dark current
and photocurrent increase with the increase of the voltage ap-
plied to Ge. The increase of the photocurrent is greater than the
dark current. This method of applying voltage can improve the
responsivity of the device, but it is also accompanied by an in-
crease in dark current. From Figs. 4(a) and 4(b), we can
extrapolate the responsivity under different applied Ge voltages
in order to obtain the best operating voltage range on Ge.
Responsivity of the device was measured with input light
power of −20 dBm at 1550 nm for different voltages on
Ge. Responsivity of APD is commonly defined near the break-
down voltage. Under such bias condition, the dark current is
usually high, leading to a high noise level, despite good respon-
sivity [17–19]. In this work, a new method to extract the re-
sponsivity is adopted. The extracted responsivity can serve as a
figure-of-merit for practical applications in low light detection.
We used two low dark current levels at 10−7 A and 10−8 A.
From Fig. 6, we can find that the high responsivity can be
achieved by changing the voltage on Ge. We can clearly see
that the device has the best working voltage (voltage on Ge).
By comparison, we selected the voltage of −27.5 V on the Ge as

the optimal point and tested its multiple input optical power as
shown in Figs. 7(a) and 7(c).

We define the responsivity of the 10−7 A dark electric flow
level, which is labeled R1. We define the responsivity of
the 10−8 A dark electric flow level, which is labeled R2. As
shown in Figs. 7(b) and 7(d), we calculated R1 and R2 at this
voltage. As shown in Table 1, even when the dark current is
10−8 A and R2 is at 1550 nm, the laser responsivity is
2.07 A/W at −40 dBm, and you can clearly see the good re-
sponsivity of the device in weak light condition. From Table 1,
we can find that the responsivity has different magnitudes
under different input optical powers. When the incident optical
power is −10 dBm, the germanium absorption layer will

Fig. 5. (a) Schematic diagram of three-terminal APD. (b) Y direc-
tion electric field simulation in Si region [position from B to B 0 in (a)].
(c) X direction electric field simulation of Si charge region [position
from A to A 0 in (a)]. (d) Electric field simulation diagram of Ge region.

Fig. 6. (a) Photocurrent diagram at 10−7 A. (b) Responsivity
at 10−7 A. (c) Photocurrent diagram at 10−8 A. (d) Responsivity at
10−8 A.

Fig. 7. When the voltage on Ge is −27.5 V. (a) Current character-
istic diagram at 1310 nm under different input optical power.
(b) Responsivity characteristic diagram at 1310 nm under different
input optical power. (c) Current characteristic diagram at 1550 nm
under different input optical power. (d) Responsivity characteristic
diagram at 1550 nm under different input optical power.
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generate a large number of photogenerated carriers, resulting in
the space charge effect [20] and reducing the responsivity.
When the incident optical power is weak (−20 dBm and be-
low), the responsivity has a relatively fixed value (see
Table 1, R2) at low voltage. But with the increase of the applied
voltage, the avalanche gain is too large and close to saturation,
which makes the responsivity change greatly. Typically, the gain
of an APD also decreases with increasing optical power
[17,21,22]. This also causes the responsivity at high voltage
to decrease with increasing input power (see Table 1, R1).

When the voltage on Ge is −27.5 V, the punch-through
voltage of the APD is around 15 V, and the breakdown voltage
is around 56 V. Figures 8(a) and 8(b) show the gain curves of
the APD at 1310 nm and 1550 nm, respectively, when the in-
put optical power is −20 dBm. The responsivity of APD is
lower at unity gain, both around 0.08 A/W (at 1310 nm and
1550 nm). When the dark current of APD reaches 10 nA, the
gain of the photocurrent at both 1310 nm and 1550 nm is
greater than 20. The large gain improves the responsivity and
sensitivity of the APD but also limits the bandwidth to a certain
extent. As shown in Fig. 9, we provide the responsivity of the
device in different bands, which proves that the device has good
spectral characteristics. It reflects the ability of Ge material to

absorb light of different wavelengths, which proves that the
device has good optoelectronic properties in the communica-
tion band.

In order to verify the good detection characteristics of the
device under weak light condition, we have compared the light
and dark current of 1550 nm laser when the input power is
−40 dBm and the voltage is −20 to −30 V on Ge. From
Figs. 10(a)–10(c), we can calculate the magnification of photo-
current relative to dark current. In Fig. 10(d), we can find that
the magnification is mostly over 10, and the difference between
the photocurrent and dark current can be well distinguished.
It shows that the device has good detectability for weak light.

4. DEVICE EQUIVALENT CIRCUIT MODEL

The electric circuit model of a three-terminal Ge-on-Si APD is
much more complex than that of a conventional two-terminal
APD [23] because multiple current paths exist between any two
of the three electric terminals. In order to analyze the band-
width property of this APD, radio frequency (RF) response
characteristics from 10 to 600 MHz of it are measured using
the Keysight N4373D Lightwave Component Analyzer. To
simplify the measurement, we used a GS probe to load on
the electrodes of p�� Si and n�� Si, and we used a source
pressure meter to add voltage to the Ge electrode. The normal-
ized RF response characteristics of APD at different voltages of
Si when Ge voltage is −27.5 V are shown in Fig. 11(a). When
the Si voltage is 20 V, the maximum bandwidth of 3 dB is
142 MHz. At this point, the device has been fully punched
through, and the carriers have reached the saturation velocity.
With the increase of the applied voltage, the multiplication en-
hancement bandwidth decreases. As shown in Fig. 11(b), when
the Ge bias voltage is fixed, the reflected impedance curve of
this APD expands with the Si port bias voltage increasing,
which is due to the enhancement of the space charge effect
[21,22]. From Figs. 11(c) and 11(d), we can see that, when
the voltage on Si is constant, the figure is 15 V, and changing
the voltage on Ge has little effect on the parameters of S22,

Fig. 8. When the voltage on Ge is −27.5 V. (a) Avalanche gain at
1310 nm wavelength. (b) Avalanche gain at 1550 nm wavelength.

Fig. 9. When the applied voltage on p�� Ge is −27.5 V and the
input optical power is −20 dBm. (a) Responsivity in O-band.
(b) Responsivity in C-band (1530–1560 nm) and L-band (1570–
1600 nm).

Fig. 10. (a) Current at −20 V on Ge. (b) Current at −25 V on Ge.
(c) Current at −30 V on Ge. (d) At different voltages on Ge, the
photocurrent is greater than the multiple of dark current.

Table 1. Response of Ge to −27.5 V at Different Input
Power

−10 dBm −20 dBm −30 dBm −40 dBm

R1 at 1310 nm 0.80 A/W 3.16 A/W 6.17 A/W 10.50 A/W
R2 at 1310 nm 0.63 A/W 1.80 A/W 1.82 A/W 1.74 A/W
R1 at 1550 nm 0.83 A/W 3.55 A/W 6.96 A/W 9.97 A/W
R2 at 1550 nm 0.68 A/W 2.36 A/W 2.48 A/W 2.07 A/W
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so changing the voltage on Ge has little effect on the band-
width. When the voltage on Ge is −5 V, the minimum 3 dB
bandwidth is 70 MHz. For the existing LiDAR ranging sys-
tem [24–26] with an integrated optical phased array chip,

the 3 dB bandwidth of MHz can meet its measurement
requirements.

In order to understand the measured S22 parameters of the
three-terminal APD in Fig. 11(b), the electric circuit diagram of
the APD is shown in Fig. 12(a). Circuit elements (capacitances,
inductances, and resistances) are grouped together [27–29].
Specifically, the three-terminal APD’s electrical impedance in-
cludes those of the diode junction and the electrodes. Here, Lp
is the parasitic inductance of the electrodes. Rs is the ohmic
contact resistance from metal electrodes and the semiconduc-
tor. Cd is the capacitance of depletion region, which includes
the absorption region, charge region, and multiplication region.
Rd is the resistance of the depletion region, which includes the
absorption region, charge region, and multiplication region.
Cc is the capacitance of the charge region. Lm, Cm, and Rm
originate from the multiplication region of Si. Because the
space charge effect appears in the multiplication region at a
large gain [30–32], the carriers generated by multiplication will
change rapidly, causing a change of the local current, charge,
and carrier velocity. La, Ca, and Ra originate from the absorp-
tion region of Ge on the left side of the bridge and
are generated by the accumulation of photogenerated carriers
in it. The values of these parameters are fitted by S22 param-
eters, and an example of 15 V is shown in Fig. 12(b). The rel-
ative error between the fitted S parameter and the measured is
less than 3%, which can be found in Fig. 12(c). The detailed
values of the fitting parameters are shown in Table 2.

5. CONCLUSION

We propose a new Ge-on-Si APD structure, which uses the
extended p-charge layer to separate the Ge absorption and
Si-APD region. We use Si material with low-noise properties
as the multiplication region to reduce the excess noise of the
APD [33]. By introducing three electrodes to control the elec-
tric fields in the absorption and avalanche region, respectively,
the goals of low dark current and high responsivity of the
surface-illuminated detector are achieved. Before us, the re-
sponsivity of surface illumination devices was very low, and
high responsivity could only be achieved with a large dark cur-
rent. We widened the limit of weak light detection to
−40 dBm. Under the input light power of −40 dBm, R1 at
1310 nm is 10.5 A/W and R1 at 1550 nm is 9.97 A/W.
The device performance is much better than that of other sur-
face illumination devices, which is shown in Table 3. These
characteristics make the device able to be used in laser radar,

Fig. 11. (a) The APD has a normalized RF response characteristic
at a voltage of Ge at −27.5 V and different Si input voltages. (b) The
APD voltage on the Ge is −27.5 V, and the S22 parameters are mea-
sured under different Si input voltages. (c) The APD has a normalized
RF response characteristic at a voltage of Si at 15 V and different Ge
input voltages. (d) The APD voltage on the Si is 15 V, and the S22
parameters are measured under different Ge input voltages [the spe-
cific voltage values are shown in (c)].

Fig. 12. (a) When the voltage is −27.5 V on Ge, the three-terminal
APD equivalent circuit model. (b) When the signal ends are input to
15 V, the reflection coefficient is measured and fitted. (c) The
relative error values between simulation and practice in (b).

Table 2. Fitted Electric Circuit Parameters of a
Three-Terminal Avalanche Photodiode under a Reverse
Bias of 15 V

Parameters Lp (nH) Rs (kΩ) Cd (fF) Rd (kΩ)

Values 1375 1.21 45 2.41

Parameters Cc (pF) Lm (μH) Rm �kΩ� Cm (pF)

Values 2.8 19.8 0.825 4.2

Parameters La (μH) Ra (kΩ) Ca (fF)

Values 196 1 172
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weak light imaging, and other fields. In the LiDAR system, a
boost circuit can be used to power our APD.
It has high responsivity when the input optical power is only
−40 dBm, which opens a new avenue to further improve the
performance of LiDAR receivers [22]. Of course, the speed of
the device is relatively slow, mainly due to the relatively long
transit time of the photogenerated carriers from the absorption
region of Ge through the bridge to the avalanche region, and
3 dB bandwidth is only 142MHz. In the future, it is possible to
consider reducing the size of the device or adjusting the doping
concentration on the connecting bridge to increase the electric
field and further reduce the transit time of electrons.

This new type of APD can be manufactured with a high
yield in a standard CMOS process. The different performance
indicators of this APD, such as breakdown voltage, can be real-
ized on the same wafer by design. The three-terminal APD has
broken the inherent barrier of the single output of the previous
APD device. This is the first and a major breakthrough.
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