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Abstract: A high-speed and high-sensitivity avalanche photodetector (APD) is a critical component
of a high-data-rate and low-power optical-communication link. In this paper, we study a high-speed
and high-efficiency Ge/Si heterostructure APD. First, we numerically study the speed performance
of the APD by analyzing frequency response. An optimized epitaxial structure of the high-speed
APD is designed. In the absence of RC time effects, the APD exhibits a fast pulse response (full-width
at half-maximum) of 10 ps and a high 3 dB bandwidth of 33 GHz at a high-gain value of 10. Taking
device size and the corresponding RC time effects into account, the APD still achieves a high 3 dB
bandwidth of 29 GHz at a gain value of 10. Moreover, a novel subwavelength periodic hole array
is designed on the normal-incidence APD for enhancing light absorption without sacrificing speed
performance. Near-perfect absorption is almost achieved by an infinite-period hole array due to the
coupling of dual-resonance modes. A high-absorption efficiency of 64% is obtained by a limited-sized
hole array in the high-speed APD. This work provides a promising method to design high-speed and
high-efficiency normal-incidence Ge/Si heterostructure APDs for optical interconnect systems.

Keywords: Ge/Si heterostructure; avalanche photodetectors; optical resonance; high-speed

1. Introduction

In optical communications, a photodetector is the core component of a receiver to
realize high-speed fiber optical links. Compared with conventional p-i-n photodetectors
(PDs), APDs can provide higher sensitivity due to their internal gain, and are widely used in
longer distance fiber transmission. However, the speed performances of APDs are usually
poorer than the ones of PDs owing to the avalanche build-up time [1,2]. In order to decrease
excess noise for high-speed APDs, selecting a material with low-ionization coefficient ratio
as a multiplication layer is most important [3,4]. Silicon is well known for its low-ionization
coefficient [5–7], which has great potential in high-performance APDs [8,9]. In a separate
absorption, charge, and multiplication (SACM) structure, utilizing a Ge absorber can adapt
Si APDs to operate at optical telecommunication wavelengths [10,11]. Ge/Si APDs have
been studied a lot in the past dozen years [12–18], and have now emerged as a primary
solution for optical-communication receivers [19,20]. Compared to high-performance III-
V APDs, high-performance Ge/Si APDs are simpler in structure and compatible with
CMOS fabrication.

Currently, the structures of Ge/Si APDs mainly include two kinds: waveguide and
normal incidence. Waveguide photodetectors have the advantages of integration and
high performance, while normal-incident photodetectors have the advantages of flexible
application and cost efficiency. Unlike PDs, the avalanche build-up time of APDs will be the
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main factor affecting the 3 dB bandwidth of the device at high gain, resulting in the similar
speed performances between normal-incident APDs and waveguide APDs with a smaller
RC constant [15,21]. However, normal-incident SACM Ge/Si APDs have lower primary
responsivity [22], especially around 1550 nm [23,24]. In order to design high-performance
normal-incident SACM Ge/Si APDs, a scheme of a SACM Ge/Si APD with high-speed
and high-responsivity performance is presented in this paper, and the following areas
are studied: (1) the main factors affecting the speed performance of SACM Ge/Si APDs;
(2) light-absorption enhancement by a subwavelength periodic hole array.

The performances of Ge/Si APDs are mainly affected by the 3 dB bandwidth and
responsivity of the devices. A typical SACM structure is adopted in the Ge/Si APD to
achieve high speed with low noise. As shown in Figure 1b, photons are absorbed by the
i-Ge layer, resulting in the generation of electron–hole pairs. Subsequently, the electrons
move towards the i-Si layer and generate new electron–hole pairs within it by impact
ionization. In the i-Si layer, the impact ionization of electrons and holes generates more
electron–hole pairs, resulting in amplification of the current signal. In order to improve the
speed performance of the APD, the thicknesses and doping concentrations of the epitaxial
layers are analyzed in this work. A triple-mesa structure is designed to reduce the electric-
field intensity in the edge of the Si-multiplication layer as shown as Figure 1a. At the center
of the device, a subwavelength periodic hole array is designed to enhance light absorption
by optical resonance.
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Figure 1. (a) Structure schematic of a SACM Ge/Si APD with a subwavelength periodic hole array.
(b) The energy-band diagram of the SACM Ge/Si APD at operating bias. Ln (Lp) is the average
distance an electron (hole) travels before ionizing, which is inversely proportional to the ionization
coefficient of the electron (hole).

2. Analysis of the Effect of Epitaxial Layers and Device Size on Speed Performance
2.1. Methods

The optical–electrical conversion frequency response of the APD is determined by the
time of free-carrier transport in the device (τdri f t), the avalanche build-up time (τbuild) and
the external-parasitic RC time constant (τRC). The 3 dB bandwidth of a photodetector can
be expressed as:

f3dB =
1

2π(τbuild + τdri f t + τRC)
=

1
2π(τcarrier + τRC)

. (1)

Here, the sum of τdri f t and τbuild is called τcarrier. τcarrier is determined by the weighted-
average time that all free carriers take to be collected by the electrodes, starting from
the generation of photo-generated carriers. The origin of the gain in an APD is impact
ionization. However, the avalanche build-up time will rapidly increase while an APD is
operating in gain mode, which is due to the collision, back and forth, of electrons and holes
in the multiplication region. It means that τbuild will become a major factor influencing f3dB
while the APD is operating in high-gain mode. For high-speed APDs in high gain, a short
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τcarrier is important, which is mainly related to the thicknesses of the epitaxial layers and
gain value. On the other hand, a short enough τRC is necessary, which mainly depends on
the size of APDs.

In order to evaluate the effects of epitaxial layers, gain value, and device size on the
frequency response of the Ge/Si APD, steady-state numerical simulations were performed
for the device by using Silvaco ATLAS. The Parallel Electric Field Dependence, Selberherr’s
Impact Ionization models are used in our simulation. The impact-ionization model is based
upon the following expressions:

G = αn Jn + αp Jp (2)

and

αn,p = An,p exp(−
Bn,p

E
). (3)

Here, G is the generation rate of electron–hole pairs, and represents the number of
generating electron–hole pairs per unit time and unit volume. The units of G are cm−3·s−1.
αn,p are the ionization coefficients for electrons and holes, which represent the number of
generating electron–hole pairs per unit distance of an electron or a hole under the influence
of an electric field. The units of αn,p are cm−1. Jn,p are their current flux densities, which
represent the number of electrons or holes passing through a unit area per unit time. The
units of Jn,p are cm−2·s−1. E is the magnitude of electric field, and the parameters An,p and
Bn,p depend on the materials. The main parameters in our simulation are listed in Table 1.

Table 1. Material parameters used for Ge/Si APD simulation. The parameters from the references [25,26].

Parameters Units Electron Hole

Saturated velocity of Si cm/s 1.05 × 107 9.3 × 106

Impact coefficient A of Si cm−1 3.8 × 106 2.25 × 107

Impact coefficient B of Si V/cm 1.75 × 106 3.26 × 106

Saturated velocity of Ge cm/s 6 × 106 6 × 106

Impact coefficient A of Ge cm−1 5.9 × 105 2.6 × 105

Impact coefficient B of Ge V/cm 7.9 × 105 7.1 × 105

2.2. Si-Multiplication Layer

To evaluate τcarrier in the multiplication region, a pin-Si APD model was built, as
shown as Figure 2a. In this model, the RC constant is set small enough to be negligible,
resulting in τRC ≈ 0. By using the model, we calculated the frequency response of the
devices with intrinsic layers of different thickness under different gain. An optical-pulse
signal with 1 ps width was input into the pin-Si APDs, and the corresponding electrical-
pulse signal was recorded at the same time, as shown in Figure 2b. The frequency response
is obtained by a fast-Fourier transform (FFT) for the pulse response, as shown in Figure 2c.
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Figure 2. (a) The schematic diagram of the pin-Si APD model in our simulation. In the model, a
75 nm p+-Si layer and a 100 nm n+-Si layer are set, and the thickness of the i-Si layer is variable.
(b) The simulated pulse response of the pin-Si APDs with i-Si layers of different thickness under
different gain. (c) The corresponding frequency response of the devices.
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Figure 2 shows the relationship between the pulse-response time of the i-Si layer and
the gain value by changing the thickness of the Si-multiplication layer. It can be seen that
the response time of the device increases as the thickness of the i-Si layer and the gain value
increase. When the gain value is low (e.g., the multiplication factor M = 2), the avalanche
build-up time is also short, and the response time is mainly determined by the i-Si thickness.
With the increase of gain, the avalanche build-up time increases rapidly, resulting in a
significant increase in the response time. No matter what size the photodetector, τcarrier
determinates the upper speed limit of the device. In Figure 2c, the 3 dB frequency responses
at gain values of 2, 5, and 10 for the devices with i-Si-layer thicknesses of 500, 250, and
120 nm are as follows: 52, 28, and 14 GHz for 500 nm; 78, 40, and 22 GHz for 250 nm; and
88, 54, and 32 GHz for 120 nm. It can be seen that the 3 dB frequency response of the device
with a thick multiplication layer is very low at high gain. For high-speed design, a high-
frequency response is desired, and a thin Si-multiplication layer needs to be considered. On
the other hand, a thinner Si-multiplication layer needs a stronger electric-field intensity to
realize the same gain value. The tunnelling of the Si caused by high-electric-field intensity
should be avoided for achieving a low-dark current. Based on the above consideration, we
choose a 120 nm Si-multiplication layer for the design of the high-performance Ge/Si APD.

2.3. Charge Layer

In order to minimize the additional avalanche build-up time and carrier transit time, a
thin charge layer with a thickness of 50 nm is chosen. Then, we discuss the design of the
SACM structure as shown in Figure 1. The design mainly includes the thickness of the
Ge-absorption layer, and the doping concentration of the charge layer.

As shown in Figure 3, the doping concentration of the p-Ge layer, the Ge-absorption
layer, and n-Si layer are set as 1 × 1019, 5 × 1015

, and 1 × 1020 cm−3, and their thickness are
75, 300, and 100 nm, respectively. Figure 3 shows the electric-field distribution of the SACM
Ge/Si APDs with different doping concentrations of charge layer under gain mode. With
an increase in the doping concentration of the charge layer, the ratio of electric field between
the multiplication layer and the absorption layer increases. The absorption layer needs
sufficient electric-field intensity for the free carriers to reach saturation velocity, which is
important for high-speed performance. It can be seen that the doping concentration of
7 × 1017 cm−3 is too high, resulting in insufficient electric-field intensity in the absorption
layer. On the other hand, too high an electric field in the Ge-absorption layer isn’t desired,
because it will lead to a higher dark current owing to a trap-assisted-tunneling process [27].
It is better to design the electric-field intensity of the Ge-absorption layer to be below
1 × 105 V/cm. According to the calculation results in Figure 3, the doping concentration of
the charge layer should be designed as a value near 5 × 1017 cm−3.
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2.4. Absorption Layer

Next, the design of the Ge-absorption layer is discussed. As shown in Figure 4a,
a SACM Ge/Si APD model is built to calculate the carrier-transit time of the device. In this
model, the RC constant is also set to be very small. In Figure 4, the analyzed method of time
response and frequency response is the same as in the description of Figure 2. Using the
model, the effect of the thickness of absorption layer on the frequency response is analyzed.
The thickness of the Ge-absorption layer is set as 200, 300, and 400 nm, respectively. It
can been seen that the response time of the SACM Ge/Si APD increases with an increase
in the thickness of the absorption layer, owing to an increase in the carrier-transit time
from the Ge-absorption layer. In Figure 4c, the 3 dB frequency responses at gain values
of 2, 5, and 10 for the SACM Ge/Si APDs with Ge-absorption thicknesses of 200, 300, and
400 nm are as follows: 60, 51, and 39 GHz for 200 nm; 44, 39, and 33 GHz for 300 nm; and 34,
31, and 27 GHz for 400 nm. The device with a 400 nm absorption layer has a 3 dB frequency
response of only 34 GHz even at low gain (M = 2). It means that the τcarrier of the device
has been dominated by the carrier-transit time rather than the avalanche build-up time
from the Si-multiplication layer. As the thickness of the absorption layer decreases, the 3 dB
frequency response of the device exceeds 30 GHz at M = 10. Because the free carriers enter
the multiplication layer at the saturation velocity of the Ge layer, the 3 dB bandwidth of
the SACM Ge/Si APD may exceed the value of the corresponding pin-Si APD at the same
gain. On the other hand, decreasing the thickness of the absorption layer will decrease the
optical responsivity of normal-incident photodetectors, which will decrease the sensitivity
of the detectors. Therefore, the thickness of the absorption layer is set as 300 nm in the
following design for high-speed APDs.
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Figure 4. (a) The schematic diagram of the SACM Ge/Si APD model in our simulation. (b) The
simulated-pulse response of the SACM Ge/Si APDs with i-Ge layers of different thickness under
different gain. (c) The corresponding frequency response of the devices.

The influence of epitaxial layers and gain value on the frequency response of the Ge/Si
photodetectors is discussed above. For clearer comparison, the 3 dB frequency responses
of different devices without the effect of RC time are listed in Table 2. After considering
the trade-off between speed and optical-responsivity performance, a 300 nm i-Ge and a
120 nm i-Si epitaxial layer are chosen for the high-speed SACM Ge/Si APDs in the subse-
quent design.

2.5. Size of Device

Figure 5 shows the effect of the size of the device on the 3 dB bandwidth under
different gain. A three-mesa structure is designed to decrease the electric field on the
edge of the multiplication layer [28], as shown as Figure 5a. Assuming that the device’s
top mesa is x microns in diameter, the second mesa is x + 4 microns, and the third one is
x + 16 microns. The 3 dB bandwidths of the APDs are calculated as shown as Figure 5b.
The calculation method is the same as for Figure 2 except that the RC constant of the device
is considered here. In the calculation, a series resistance of 60 Ω is set, which includes a
contact resistance of 10 Ω and a load resistance of 50 Ω. When x is set to 10, 12, 14, and 16,
the capacitances of the APDs are about 22, 31, 42, and 55 fF, respectively. When the gain of
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the APD is too high (e.g., M = 30), the avalanche build-up time becomes the key affecting
the 3 dB bandwidth of the device, resulting in the 3 dB bandwidth of the device not varying
with the RC constant. When the gain of the APD is below 10, the 3 dB bandwidth of
the device can be significantly increased by reducing the size of the device. When x is
10 and 12, the 3 dB bandwidths of the APDs are up to 30 and 29 GHz at M = 10, which is
close to the limit value of 33 GHz from Figure 4c. It means that further reduction in the
device size hardly improves the APD’s speed. Considering the fabrication complexity and
the optical-window size of the APD, the better diameter of the top mesa would be more
than 10 µm. More discussion about the current–voltage property of the APD is given in
Supplementary Section SIII.

Table 2. The 3 dB frequency responses of different pin-Si APDs and SACM Ge/Si APDs without the
effect of RC time.

Device Type
Thickness of Epitaxial Layer (nm) 3 dB Frequency Response (GHz) at

Different Gain

p+ Layer i-Ge p−-Si
(5 × 1017 cm−3) i-Si n+

Layer M = 2 M = 5 M = 10

pin-Si APD
75 \ \ 120 100 88 54 32
75 \ \ 250 100 78 40 22
75 \ \ 500 100 52 28 14

SACM Ge/Si
APD

75 200 50 120 100 60 51 39
75 300 50 120 100 44 39 33
75 400 50 120 100 34 31 27
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Figure 5. (a) The structure diagram of the SACM Ge/Si APD with three mesas. (b) The 3 dB
bandwidth for the APDs with different sizes under different gain. (c) The electric-field profile at
M = 10 for the APD with a top-mesa diameter of 12 µm.

3. Design of Light-Absorption Enhancement

In order to achieve high-speed performance, the absorption layer of the APD has to be
as thin as 300 nm. However, a thin-absorption layer will result in low-optical responsivity
of the device. In this part, the optical structure of the APD is optimized to improve the
responsivity without sacrificing the high-speed performance. As shown in Figure 6a,
a meta-structure consisting of a subwavelength periodic hole array is designed on the
surface of the epitaxial layers. The top layer of the hole array is covered with a 430 nm
SiO2 passivation layer. The thicknesses of the n+-Si and buried-oxide layers are 150 nm and
2 µm, and the thicknesses of other layers are the same as in Figure 5a.

The subwavelength period dielectric or metal structure can support abundant elec-
tromagnetic resonances. In the optical frequency, electromagnetic resonances can in-
crease the photon lifetime and enhance the interaction between light and matter in the
local fields. Such characteristics of the electromagnetic resonances have been employed
in lasers [29,30], nonlinear-optical enhancement [31–33], perfect absorbers [34–38], and
photodetectors [39–44]. Here, subwavelength periodic hole arrays are used to increase the
light absorption of the APD by exciting optical-resonance modes.
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Figure 6. (a) The structure diagram of the periodic hole array on the surface of the epitaxial layer.
(b) Near-field distributions of the electric-toroidal dipole (ETD) at the i-Ge cross section of the
x-y plane. (c) Near-field distributions of the magnetic-toroidal dipole (MTD) at the i-Ge cross section
of the x-y plane. (d) Calculated-absorption spectra of the hole array and the reference structure
without hole array. (e) The scattering spectra of different multipoles. (f) The scattering spectra of the
MTD and the ETD in the x, y, z directions, respectively.

The finite-difference time-domain (FDTD) method is used to analyze optical character-
istics of the hole array, which is assumed to have an infinite number of periods with periodic
boundary conditions. The purpose of this section is to optimize the light absorption of the
APD in the C-band. First, the period, radius, and depth of the hole are adjusted to excite
strong-resonance modes near 1550 nm. For illumination using a y-polarized plane wave at
normal incident, the calculated-absorption spectra of a hole array and a reference structure
without hole array are shown in Figure 6d.

The period, radius, and depth of the hole array are 530, 160, and 210 nm, respectively.
Two absorption-enhancement peaks are obvious at 1580 and 1600 nm. It means that there
are two optical-resonance modes at the same time, which are marked as mode I and mode
II, respectively. The absorption of the two modes reached 76% and 77%, respectively. To
understand the resonance characteristics of the two optical modes, Figure 6b,c shows the
magnetic/electric-field intensity x-y profiles of mode I and mode II. It is seen that mode I is
dominated by the ETD response, and mode II is the MTD response. This ETD response is
created by a couple of mirror-symmetric vortex electric fields at the x-y plane, which can
be viewed as a set of magnetic dipoles arranged head-to-tail to form a closed loop at the
x-z plane [45,46]. Similarly, the MTD is created by a couple of mirror-symmetric vortex
magnetic fields. To further analyze this resonance, electromagnetic-multipole expansion in
Cartesian coordinates is performed [47–49]. The scattered powers of electric dipole (ED),
magnetic dipole (MD), toroidal-electric dipole (TED), toroidal-magnetic dipole (TMD),
electric quadrupole (EQD), and magnetic quadrupole (MQD) are calculated. It can be seen
from Figure 6e that the resonances at 1580 and 1600 nm are mainly contributed by the
MTD and ETD responses, respectively. Figure 6f shows that the MTD and ETD are mainly
contributed by y and x directions, which are consistent with Figure 6b,c.

Optical-absorption properties of subwavelength periodic hole arrays are closely related
to their period, radius, and depth. Next, a higher light absorption is obtained by changing
the size of the hole array. Figure 7a shows the absorption spectrum of a hole array as



Photonics 2023, 10, 780 8 of 11

a function of its radius. As the radius changes, it is observed that the light absorption
of the hole array is enhanced when the MTD and ETD modes start to overlap. When
the radius is 210 nm, an approximate perfect absorption (97.2%) is obtained at 1550 nm,
which is attributed to the coupling of ETD and MTD modes, as shown in Figure 7b. The
absorption spectrum of the hole array as a function of its period and depth are provided in
Supplementary Section SI. The results show good fabrication tolerance of the hole array to
achieve high-light absorption. Figure 7c shows the electric-field x-z profiles in the middle
of a hole cell at 1550 nm. It is seen that most energy of the incident light is confined in the
Ge and Si layers. For silicon, the optical-communication band is transparent. Even if the
incident light is confined to the Si layer, the light will eventually be coupled to the Ge layer
and gradually absorbed. The light intensity in the Ge layer is concentrated in the middle of
the i-Ge layer at 1550 nm, which is helpful for the extraction of photo-generated carriers.
The APD with a hole array has wavelength tunability of peak-absorption enhancement.
Furthermore, the parameters of the hole array are designed for absorption enhancement at
1310 nm, which are provided in Supplementary Section SII.
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Figure 7. (a) Calculated-absorption spectrum of the hole array as a function of hole radius. The
period and hole depth of the hole array are 530 and 210 nm. (b) Calculated-absorption spectra of
the optimized hole array and the reference structure without hole array. The absorption peak of the
hole array is 1544 nm, with a full-width at half-maximum (FWHM) of 48 nm. (c) The electric-field
x-z profiles in the middle of a hole cell at 1550 nm.

In real application, the performance of a hole array with finite periods is more impor-
tant than for one with infinite periods, due to the limited size of the APD. A y-polarized
gaussian beam with waist radius of 3 µm is set in the simulation as shown as Figure 8a. The
top layer of the hole array is covered with a 300 nm SiO2 passivation layer. The period, hole
radius, and depth of the hole array are set as 530, 210, and 210 nm, respectively. The hole
array completely fills a circle with radius Rborder. Figure 8b shows the absorption spectra of
the hole arrays with different Rborder. Before the hole array completely covers the gaussian
beam, the absorption of the hole array increases quickly with the increase in Rborder. When
Rborder reaches 4 or 5 µm, the absorption efficiency is 64.2% or 64.6% at 1550 nm, which
approaches a maximum. Considering the space of the anode electrode, the hole array
with Rborder = a µm can be fabricated on the top mesa with a radius of a + 2 µm, respec-
tively. Comparing the results between Figures 5b and 8b, it is seen that the hole array with
Rborder = 4 µm is a better choice to realize high-speed and high-responsivity performance,
as shown in Table 3.

In this part, a hole array is designed to enhance light absorption of the APD at 1550 nm.
A high-absorption efficiency of 97.2% is obtained in the APD’s epitaxial layer with only
300 nm i-Ge, which is about 10 times larger than that of a counterpart without the designed
hole array. After considering the size limit of the hole array, the absorption efficiency will
drop owing to optical-resonance weakening and lateral leakage. Finally, the absorption
efficiency still reaches 64% at 1550 nm, which is compatible for a high-speed APD.
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Figure 8. (a) The schematic of the hole array with finite periods in the simulation. The white circles
are etched holes that completely fill a circle with radius Rborder. (b) Calculated-absorption spectrum of
the hole array as a function of Rborder. (c) Calculated reflection, transmission, leakage, and absorption
spectrum of the APD with Rborder = 4 µm. The absorption peak of the APD is 1544 nm, with a FWHM
of 134 nm.

Table 3. The optical absorption and speed performance of the SACM Ge/Si APDs with different size.

Diameter of
Top Mesa (µm)

Maximum Optical-Absorption
Efficiency at 1550 nm

3 dB Frequency Response (GHz)
at Different Gain

M = 2 M = 5 M = 10 M = 20 M = 30

10 54.3% 36.5 34 30 22 16
12 64.2% 34.5 33 29 20 15
14 64.6% 29.5 28 25.5 19.5 14.5

4. Conclusions

In this work, we studied a high-performance normal-incidence SACM Ge/Si APD.
The effects of the thicknesses and doping concentrations of the epitaxial layers, as well as
the size of the device, on the 3 dB bandwidth of the device are analyzed under different
gain values. We found that the avalanche build-up time of the APD decreases with the
thinning of the multiplication layer at the same gain value. Appropriate Si-multiplication,
charge, and absorption layers were designed for the high-speed performance of the APD.
The APD achieved a 3 dB bandwidth of 29 GHz at M = 10 when the top-mesa diameter
was 12 µm. Meanwhile, the optical structure of the device was optimized to enhance light
absorption by a subwavelength periodic hole array, and the light absorption of the device
at 1550 nm reached 64%. The APD can change peak-absorption enhancement by changing
the size of the hole array. This work provides a promising method for the design of a
high-performance normal-incidence Ge/Si APD, which has the potential to reduce the
power consumption and cost of optical communications.
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//www.mdpi.com/article/10.3390/photonics10070780/s1, Figure S1: The absorption spectrum of
the hole array as functions of their period and depth; Figure S2: Design of hole array for absorption
enhancement at 1310 nm; Figure S3: The current-voltage property of the SACM APD with a 12-µm-
diameter top mesa.
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