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Abstract: In this article, the performance and design considerations of the planar structure of ger-
manium on silicon avalanche photodiodes are presented. The dependences of the breakdown volt-
age, gain, bandwidth, responsivity, and quantum efficiency on the reverse bias voltage for different
doping concentrations and thicknesses of the absorption and multiplication layers of germanium
on the silicon avalanche photodiode were simulated and analyzed. The study revealed that the gain
of the avalanche photodiode is directly proportional to the thickness of the multiplication layer.
However, a thicker multiplication layer was also associated with a higher breakdown voltage. The
bandwidth of the device, on the other hand, was inversely proportional to the product of the ab-
sorption layer thickness and the carrier transit time. A thinner absorption layer offers a higher band-
width, but it may compromise responsivity and quantum efficiency. In this study, the dependence
of the photodetectors’ operating characteristics on the doping concentration used for the multipli-
cation and absorption layers is revealed for the first time.

Keywords: optoelectronics; avalanche photodiode; Ge/Si heterojunction; avalanche multiplication;
photodetector; optical fiber telecommunication

1. Introduction

Infrared photo-electronics is one of the most technologically advanced and rapidly
developing areas of modern optoelectronics. Of particular interest are studies on the cre-
ation of highly sensitive and high-speed detectors for the fields of fiber communications
[1-7], spectroscopy [8], and imaging systems [9,10]. Thus, avalanche photodetectors
(APDs) have been very attractive with respect to high-sensitivity systems due to their in-
trinsic ability to enhance receiver sensitivity through internal avalanche gain [11].

The separate-absorption-charge-multiplication (SACM) germanium on silicon ava-
lanche photodiode (Ge-on-Si APD) is an advanced photodetector structure that combines
the properties of germanium and silicon to achieve efficient light detection and signal am-
plification [12-17]. In the SACM Ge-on-5i APD, the separate absorption and multiplica-
tion regions are designed to optimize the absorption of incident light and the multiplica-
tion of charge carriers, respectively. The absorption region is responsible for efficiently
converting photons into electron—hole pairs, while the multiplication region provides the
electric field required to accelerate the charge carriers and initiate the avalanche multipli-
cation process. The integration of germanium with a silicon substrate enables compatibil-
ity with standard silicon fabrication processes, thereby facilitating large-scale production
and integration with existing technology [18]. Moreover, the SACM Ge-on-5i APD bene-
fits from the unique properties of germanium, such as its band gap (0.66 eV), which pro-
vides effective absorption at wavelengths in the entire visible and infrared ranges up to a
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maximum wavelength of approximately 1600 nm, while the fast mobility of electrons and
holes offers the potential for fast response times.

Ongoing research and development efforts focus on further improving the perfor-
mance of Ge-on-Si APDs. This includes enhancing charge multiplication efficiency, reduc-
ing dark current levels, and optimizing the device’s response time [19-22]. Several studies
have made notable contributions in this field. Kim et al. [23] demonstrated enhanced per-
formance of a vertical illumination-type Ge-on-Si APD by leveraging internal RF-gain ef-
fects. The fabricated APD exhibited a negative differential resistance (NDR) beyond the
avalanche breakdown voltage. This NDR allowed the device to achieve eye-opening re-
sults, corresponding to the minimal signal distortion, at up to 50 Gb/s accompanied by
improved signal-to-noise ratios and signal amplitudes. Huang et al. [24] reported the de-
velopment of a waveguide Ge/Si APD with 3 dB bandwidths of 56 GHz and 36 GHz, with
responsivities of 1.08 A/W and 6 A/W at a wavelength of 1310 nm, respectively. Zeng et
al. [25] focused on the effects of bias voltage and incident power on the bandwidth of Ge/Si
APDs. In addition to the widely discussed space charge effect in the multiplication layer,
Zeng argued that an increase in incident power leads to excess holes in the absorption
layer, resulting in a significant reduction in the strength of the electric field in the multi-
plication layer. They introduced the concept of an effective equivalent voltage to quanti-
tatively describe this incident power effect. Zhang et al. [26] investigated the influence of
surface defects and the width of the guard ring on the sidewall leakage current in Ge/Si
APDs with a mesa structure. The study identified high-density surface defects and a
strong electric field at the sidewall as the primary contributors to the large sidewall leak-
age current. Accordingly, further advancements can be made in the design, optimization,
and fabrication of Ge/Si APDs, with the goal of achieving improved performance.

In this work, we focus on investigating the performance characteristics of SACM Ge-
on-5i APDs, specifically their dependence on the thicknesses of the multiplication and ab-
sorption layers. Breakdown voltage, multiplication gain, bandwidth, responsivity, and
quantum efficiency are among the performance parameters examined. The thickness and
doping concentration of both the multiplication layer, which is responsible for internal
gain generation through impact ionization, and the absorption layer, which is responsible
for photon absorption and the generation of electron-hole pairs, strongly influence the
APD’s performance characteristics. By studying the performance characteristics and their
dependence on layer thickness, this research aims to contribute to the optimization and
design of Ge-on-Si APDs, with the ultimate goal of achieving improved performance in
high-speed and high-sensitivity optoelectronic applications.

2. Device Structure and TCAD Physical Simulation Models

Figure 1a depicts a cross-sectional diagram of the simulated cylindrical Ge/Si APD
with a diameter of 30 um.

The structure of the device includes a p-type heavily doped (5 x 10*? cm~%) Ge con-
tact layer, a p-Ge absorption layer, a p-type doped Si charge layer, an n-Si multiplication
layer, and an n-type heavily doped (5 x 10'® cm™3) Si contact layer. The charge layer con-
trols the electric field distribution in the device by making the electric field in the multi-
plication layer large enough to cause avalanche breakdown while also ensuring that the
electric field in the absorption layer remains as low as possible without triggering an ava-
lanche and with the carriers moving at saturation speed, thus reducing the tunneling
probability caused by the narrow bandgap [16].
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Figure 1. (a) The cross-sectional diagram of the Ge/Si APD; (b) band diagram of the center of the
Ge/Si APD.

In order to simulate the properties of the avalanche photodetector, the threading dis-
locations (TDs) and their energy level distributions in the Ge layer (constituting 4.2% of
the lattice mismatch between the Ge and Si) should be taken into consideration. The TDs
in an epitaxial Ge layer act as the acceptor-like defects, with energy levels located in the
forbidden bandgap [27]. One of the proposed methods for decreasing TDs is the two-step
epitaxial growth of germanium on silicon. In this work, we suppose that a 90 nm thick
low-temperature Ge seed layer has first been grown on the Si layer to confine most of the
TDs in this layer (about 1 x 10 cm™2). As a result, the TD density decreases in the upper
high-temperature epitaxial Ge layer to about 2 x 10° cm2[28]. These TDs are located at
0.36 eV below the conduction band [29]. In addition, the discontinuities between the va-
lence bands and conduction bands of Ge and Si are set to 0.35 and 0.1 eV, respectively, as
shown in Figure 1b.

The simulation of avalanche photodiodes (APDs) involves the utilization of Synopsys
Sentaurus Technology computer-aided design (TCAD) software, which is grounded in the
Poisson equation, continuity equations, and carrier transport equations. The Poisson
equation establishes a relationship between changes in electrostatic potential and the dis-
tribution of local charge densities, while the continuity equations and transport equations
depict the mechanisms governing carrier transport, generation, and recombination pro-
cesses [30].

As carriers experience acceleration in an electric field, their velocity reaches a satura-
tion point when the electric field magnitude becomes substantial. To address this effect,
the degree of effective mobility needs to be adjusted by considering that the magnitude of
the drift velocity is the product of the mobility and the electric field component in the
direction of current flow. To account for this behavior, the Caughey and Thomas expres-
sion [31] is utilized to incorporate field-dependent mobility. This expression enables a
seamless transition between low-field and high-field behaviors:
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where E is the parallel electric field (the electric field component in the direction of the
current flow); uno and g are the values of the low-field electron and hole mobility, re-
spectively; and (8, = 2,8, = 1). The saturated velocities for the electrons and holes in the
Si material are ¥s4¢, = 1 X 107 cm/s, V54, = 7 X 10° cm/s, respectively, and those in
the Ge material are ¥sq¢, = 7 X 10° cm/s and 954, = 6.3 X 10° cm/s [32].

Carrier generation recombination refers to the mechanism by which a semiconductor
material attempts to restore its equilibrium state after being perturbed. Phonon transitions
take place when there is a trap or defect present within the forbidden energy band of the
semiconductor. As previously discussed, threading dislocations (TDs) within an epitaxial
Ge layer serve as acceptor-like defects, occupying energy levels within the forbidden
bandgap. The defect centers enhance the level of carrier recombination due to the trap-
assisted tunneling mechanism, which is described by the Shockley—Read-Hall (SRH)
model [29]:
pn—nize

ET-E;
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where n and p are electron and hole concentrations, n;, is the intrinsic carrier concentra-
tion, E; is the intrinsic energy, Er is the energy level of the TD, and 7,and 7, are elec-
tron and hole lifetimes, which are related to the threading dislocation density [29]:

1 S 1
P opVUpN (4)
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where N is the TD density in the Ge layer; v, and v, are the thermal velocities, whose
values are v, = 3.1x 10° m/s,v, = 1.9 X 10° m/s, respectively; and o, and o, are
electron and hole capture cross sections, whose values are o, =3 x 107 cm?,0, =
5x 107 cm? [33].

In order to simulate the surface recombination of the side walls of the cylindrical de-
vice structure, the surface recombination velocity, namely, S, = 5, = 1 X 107 cm/s, atthe
side walls is set in the surface recombination model [34].

In a strong electric field, electrons can tunnel through the bandgap via trap states.
This trap-assisted tunneling (TAT) mechanism is accounted for by using the TAT model.
Also, if a sufficiently high electric field exists within a device, the level of local band bend-
ing may be sufficient to allow electrons to tunnel, via internal field emission, from the
valence band into the conduction band. In this study, this generation mechanism is imple-
mented using the band-to-band tunneling (BBT) model [33].

The avalanche simulation of the Ge/Si APD Is based on Selberherr’s impact-ioniza-
tion model. The electron and hole ionization rates can be expressed as follows:

a, = A,exp (— (i—")cn) ®)

a, = A, exp (— (B?p)cp) (6)

For the Si material, 4, =7.03x10°cm™*, A, =158x10°cm™, B, = 1.231x
10cm™, and B, =2.036 x 10°cm™ for E <4 X 10°V.cm™. A, =7.03 x 10°cm™,
A, =6.71x10°cm™, B, =1.231x10°cm™, and B, = 1.693 x 10°cm™ for E >4 x
10% V.cm™. For the Ge material, A, = 1.55x 10”7 cm™, 4, =1 x 107 cm™, B, = 156 X
106 cm™, and B, = 1.28 X 10 cm™* for E < 4 x 10°V.cm™*. C, and C, are both set to
1[35].

3. The Simulation Results of APD Characteristics

In order to examine the impact of different parameters in the absorption and multi-
plication layers on the properties of the avalanche photodiode, modifications were made
to the thickness and doping concentration of both layers. Subsequently, the resulting
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performance was analyzed, focusing on several characteristics such as breakdown volt-
age, multiplication gain, bandwidth, responsivity, and quantum efficiency. The character-
istics of the avalanche photodiodes were modeled and simulated under an optical input
power illumination of —20 dBm at 1310 nm.

3.1. The Effect of Multiplication Layer Parameters

To explore the impact of the multiplication layer thickness and doping concentration
on the performance of the avalanche photodiode, a series of simulations was conducted
using ten different structures. The simulations involved varying the thickness of the mul-
tiplication layer from 0.5 um to 1.5 um with a step increment of 0.25 um. Simultaneously,
two distinct values were assigned to the doping concentrations of the absorption and mul-
tiplication layers: 1 x 10*® cm™2 and 5 x 10'° cm™3. The devices’ parameters used for
this case study are presented in Table 1.

Table 1. Structural parameters of the Ge/Si APD related to the multiplication layer effect case

study.

Layer p*-Ge p-Ge p-Si n-Si n*-Si
Thickness (um) 0.1 1 0.1 0.5;0.75;1,1.25; 1.5 0.5
Doping concentration 19 1x10% 1 1x 101 10

(cm=3) 5x10 5 % 1015 2x10 5 % 1015 5x10

3.1.1. The Multiplication Gain and Breakdown Voltage

Figure 2 shows the dependence of the multiplication gain (M) and the breakdown
voltage on the thickness of the multiplication layer versus bias voltage for the APD struc-
tures with different doping concentrations and thicknesses of multiplication layers. To
ensure a reliable comparison between the devices, the difference between the breakdown
voltage (Vva) and the bias voltage (Vbias) is used and assigned to the referenced voltage (Ve-
ref): Vb-ret = Vbd — Vbias.
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Figure 2. Dependence of the gain on the thickness of the multiplication layer versus the referenced
bias voltage. The insets show the breakdown voltage and the electric field profile in the center of the
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devices at the respective breakdown voltages. Two different multiplication and absorption layer
doping concentration densities were simulated: (a) 1 x 10> cm3; (b) 5 x 10" cm™.

By referring to the insets Figure 2a,b, it can be observed that an increase in the thick-
ness of the multiplication layer leads to an increase in the breakdown voltage, and modi-
fying the doping concentration in the absorption and multiplication layers from
1% 10% cm™ to 5x 10'® cm™3 does not significantly impact the breakdown voltage. As
the thickness of the multiplication layer increases, the electric field is distributed over a
larger distance, leading to a lower electric field strength across the layer. Consequently, a
higher voltage is required to initiate the avalanche breakdown, leading to an increase in
the breakdown voltage.

In the linear mode region where Vu-retis less than -0.5 V, for the low-level-doped ab-
sorption and multiplication layer (1 x 105 cm™3) structures, the multiplication gain is in-
fluenced by the bias voltage and the impact generation rate, which are determined by the
thickness of the multiplication layer and the resulting electric field strength throughout
the structures, as depicted in Figure 2a. On the other hand, if we consider the
5% 10 cm™3 doping concentration in the linear mode region, the higher doping concen-
tration would cause the electric field lines to concentrate in specific regions, resulting in a
non-uniform field distribution. In such a case, the electric field strength may not be effec-
tively distributed across the entire multiplication layer, thereby limiting the potential for
carrier multiplication and reducing the overall multiplication gain. Consequently, even
with an increased thickness of the multiplication layer, as depicted in Figure 2b, the gain
remains relatively unchanged.

Near the breakdown point, where the absolute value of Vb-ret is less than 0.5 V, it can
be seen that the electric field for all structures is higher than the breakdown field of silicon.
By increasing the thickness of the multiplication layer, the avalanche region within the
APD expands. This extended region allows for a larger number of carriers to participate
in the multiplication process, leading to higher gain near the breakdown voltage. There-
fore, an increase in the thickness of the multiplication layer leads to an increase in the
multiplication gain near the breakdown voltage, as depicted in Figure 2. When the bias
voltage exceeds the breakdown voltage in an avalanche photodiode, the density of elec-
trons and holes becomes comparable to the density of donors in the multiplication region.
This leads to an influence on the electric field profile due to the space charge of these elec-
trons and holes. At the boundary between the charge and multiplication layers, there is a
net excess of holes, which results in an increased magnitude of the electric field in that
region. Conversely, within the multiplication region and at the edge adjacent to the n*-
contact layer, there is a net excess of electrons. This excess of electrons causes a decrease
in the magnitude of the electric field and, consequently, a decrease in the multiplication
gain.

3.1.2. The Bandwidth

Figure 3 shows the dependence of the bandwidth on the reverse bias voltage for the
APD structures with different doping concentrations and thicknesses of the multiplication
layer. It can be seen that the bandwidth decreases as the thickness of the multiplication
layer increases. The thicker multiplication layer introduces a longer path for carriers to
traverse before reaching the collection region. As carriers travel across this increased dis-
tance, their transit time increases. This prolonged transit time results in a slower response
time of the device, thus limiting the bandwidth. On the other hand, if we consider the
electron and hole drift velocity in the simulated structures (as depicted in the insets of
Figure 3a,b), it can be seen that the electrons and holes in the n-Si multiplication layer drift
at their saturation velocities due to the high electric field, but in the p-Ge absorption layer,
the electron and hole drift velocities change depending on the strength of the electric field.
For the low-doped absorption and multiplication layer (1 x 10> cm™3) structures, increas-
ing the multiplication layer thickness beyond 1 pm leads to an electric field value less than
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30 kV/cm in the absorption layer (as shown in Figure 2 inset); thus, the carriers do not
reach their saturation speeds. As a result, the drift time increases and the bandwidth de-
creases (Figure 3a) compared to the higher-doped absorption and multiplication layer
(5 % 105 cm™3) structures (Figure 3b). In the latter case, the electric field at the edges be-
tween the absorption layer and the charge layer exceeds 30 kV/cm, causing the carriers to
drift partially at their saturation velocities. This leads to a higher bandwidth. However, as
the thickness of the multiplication layer increases, the drift time increases, resulting in a
reduction in bandwidth.
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Figure 3. Dependence of the bandwidth on the thickness of the multiplication layer versus refer-
enced bias voltage. The insets show the drift velocity for the electrons ¥, and for the holes ¥,
through the center of the devices at Vorer= -2 V. Two different multiplication and absorption layer
doping concentration densities were simulated: (a) 1 x 10'> cm3; (b) 5 x 10'> cm™3.

3.1.3. The Gain Bandwidth Product, Responsivity, and Quantum Efficiency

In applications that involve pulse detection or timing, the gain bandwidth product
(GBP) plays a crucial role. It determines the speed at which the APD can respond to rapid
changes in the input signal. A higher gain bandwidth product allows for faster rise and
fall times of pulses, thereby ensuring accurate detection and precise timing measure-
ments. Figure 4 shows the dependence of the gain bandwidth product (GBP) on the re-
verse bias voltage for the APD structures with different doping concentrations and thick-
nesses of the multiplication layer. It can be seen that with a thinner multiplication layer,
the APD typically exhibits a higher gain bandwidth product. Increasing the thickness of
the multiplication layer leads to a decrease in the gain bandwidth product. This is due to
the extended transit time of carriers, resulting in a limited frequency response and a re-
duced gain bandwidth product. Beyond the breakdown voltage, which corresponds to
the gain peak, the gain bandwidth product exhibits an increase. This increase is primarily
attributed to two factors: the widening of the bandwidth and a gradual decrease in gain.
Now, if we consider responsivity and internal quantum efficiency, it can be seen that the
structures with the higher-doped absorption and multiplication layers (5 x 10> cm™3)
(shown in Figure 4b) exhibit similar levels of responsivity and quantum efficiency due to
the consistent thickness of the Ge absorption layer (1 um) across these structures. How-
ever, in the linear mode region of the structures with lower densities (1 X 10*® cm™3)
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(shown in Figure 4a), a thinner multiplication layer tends to result in higher responsivity.
This is because, as mentioned above, increasing the multiplication layer thickness beyond
1 um leads to an electric field strength of less than 30 kV/cm in the absorption layer. Con-
sequently, this reduction in field strength diminishes the number of drifted electron—hole
pairs while augmenting the recombination rate.
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Figure 4. Dependence of the gain bandwidth product (GBP), responsivity (R), and quantum effi-
ciency (QE) on the thickness of the multiplication layer versus referenced bias voltage. Two different
multiplication and absorption layer doping densities were simulated: (a) 1 x 10'> cm™; (b) 5 x 10'5
cm.

3.1.4. The Photodiode Spectral Response

The spectral response is vital for characterizing and optimizing the performance of
avalanche photodiodes, enabling their efficient use in various applications that require the
precise detection and measurement of light across different wavelengths. Figure 5 shows
the dependence of the internal quantum efficiency (QE) on the thickness of the multipli-
cation layer versus the wavelength at the biasing voltage corresponding to the unity gain.

All the simulated structures share a common feature: a 1 um thick Ge absorption
layer. As a result, they are expected to exhibit a similar response to incident light with
wavelengths greater than the cut-off wavelength of silicon (1.1 pum) when the thickness of
the Si multiplication layer is increased. This similarity arises because only the Ge layer
absorbs photons, and changing the doping concentration of the multiplication and ab-
sorption layers has a minor impact on the spectral response in this range due to the corre-
sponding variation in the recombination rate along the structure.

On the other hand, incident light with wavelengths ranging from 0.4 um to 1.1 um is
absorbed in the Ge layer, but some photons are also absorbed in the silicon layers. This
absorption in the silicon layers enhances the quantum efficiency within this range. Alter-
ing the thickness and doping concentration of the multiplication and absorption layers
affects the spectrum response in the wavelength range of 0.4 um to 1.1 pm due to the
resulting distribution of the electric field and the recombination of carriers with surface
states and the bulk material. Consequently, a thinner multiplication layer tends to yield a
higher spectral response.
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Figure 5. Dependence of the internal quantum efficiency (QE) on the thickness of the multiplication
layer versus wavelength at unity gain. Two different multiplication and absorption layer doping
densities were simulated: (a) 1 x 10> cm™=3; (b) 5 x 10 cm™3.

In conclusion, increasing the thickness of the multiplication layer leads to an increase
in the breakdown voltage and gain, as more electron-hole pairs undergo the avalanche
multiplication process. However, the bandwidth of the photodiode decreases with thicker
multiplication layers due to the longer carrier transit times. Considering the gain band-
width product and breakdown voltage as a figure of merit, it can be concluded, based on
the simulated results, that an optimal SACM Ge/Si APD structure should have a multipli-
cation layer thickness of 0.5 um and a doping concentration of 5 x 10> cm™ for both the
multiplication and absorption layers; these optimal values are related to the higher GBP,
better spectral response, and lower breakdown voltage.

3.2. The Effect of Absorption Layer Parameters

In order to investigate the impact of absorption layer thickness and doping concen-
tration on the performance of the avalanche photodiode, a series of simulations was con-
ducted on eight different structures. These simulations involved varying the thickness of
the absorption layer in increments of 0.5 um, ranging from 0.5 um to 2 um. Simultane-
ously, the multiplication layer was maintained at a constant thickness of 0.5 pm, while the
absorption and multiplication layers were assigned two distinct doping concentration val-
ues: 1x 10 cm™ and 5 X 10'® cm™3. The devices’ parameters used for this case study
are presented in Table 2.

Table 2. Structural parameters of the Ge/Si APD related to the absorption layer effect case study.
Layer p+-Ge p-Ge p-Si n-Si n*-Si
Thickness (pum) 0.1 0.5;1;1.5;2 0.1 0.5 0.5
Doping Concentration 19 1x10% 17 1x10% 1
X X X
(cm™3) 5x10 5% 10'° 2x10 5x 10%° 5x10
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3.2.1. The Multiplication Gain and Breakdown Voltage

Figure 6 depicts the relationship between the thickness of the absorption layer, bias
voltage, and the corresponding dependence of the multiplication gain (M) and breakdown
voltage for different APD structures with varying doping concentrations and absorption
layer thicknesses. Referring to the inset Figure 6a, it can be observed that an increase in
the thickness of the absorption layer from 0.5 pum to 2 pum results in a corresponding in-
crease in the breakdown voltage. Additionally, by changing the doping concentration in
the absorption and multiplication layers from 1 x 10'* cm™ to 5 x 10%® cm™3, the break-
down voltage saturates beyond the 1 um thickness of the Ge absorption layer, as indicated
in the inset in Figure 6b. This saturation phenomenon can be explained by considering the
electric field profiles within these structures. Upon observing the electric field profile in
the inset in Figure 6b, it can be observed that the Ge absorption layer undergoes partial
depletion when the thickness is extended beyond 1 um. Consequently, this partial deple-
tion causes the breakdown voltage to remain unchanged despite the increase in Ge thick-
ness.

— Ge: 0.5 pm
— Ge:1pum = Ge:2 pm

— Ge: 0.5 pm Ge: 1.5 pm
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Figure 6. Dependence of gain on the thickness of the absorption layer versus referenced bias voltage.
The insets show the breakdown voltage and the electric field profile through the center of the de-
vices at the respective breakdown voltages. Two different multiplication and absorption layer dop-
ing concentration densities were simulated: (a) 1 x 10> cm™3; (b) 5 x 10> cm™.

In the linear mode region where Vot is less than —0.5 V, as the thickness of the ab-
sorption layer increases, there is a corresponding increase in the multiplication gain. This
relationship suggests that a thicker germanium absorption layer allows for a greater num-
ber of electron-hole pairs to be generated, leading to higher multiplication gain, as shown
in Figure 6. On the other hand, increasing the thickness of the absorption layer results in
a decrease in the multiplication gain near the breakdown voltage due to the increase in
the build-up time. The build-up time refers to the time required for the avalanche multi-
plication process to reach its maximum gain. When the thickness of the absorption layer
is increased, the build-up time tends to be prolonged. This is because a thicker absorption
layer requires a longer time for the carriers to travel and accumulate energy before the
avalanche multiplication process reaches its peak gain.
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3.2.2. The Bandwidth

Figure 7 illustrates the relationship between the bandwidth and reverse bias voltage
for the APD structures with different doping concentrations and thicknesses of the ab-
sorption layer. In the linear mode region, it can be seen that the bandwidth decreases as
the thickness of the absorption layer increases. As the absorption layer becomes thicker,
the carriers need more time to traverse the absorption region before reaching the multi-
plication layer. This increased transit time results in a slower response to high-frequency
optical signals, thereby reducing the bandwidth. Conversely, for structures with a doping
concentration of 1 x 10%° cm™ in the absorption and multiplication layers, the insets in
Figure 7a demonstrate that the electrons and holes drift at their saturation velocities. How-
ever, by altering the doping concentration to 5 X 10'° cm™3, it becomes apparent, as
shown in the insets of Figure 7b, that the carriers in the structures with an absorption layer
thickness exceeding 1 um do not reach their saturation velocities. Consequently, the band-
width decreases compared to the corresponding structures with a doping concentration
of 1x10% cm™3.

— Ge: 0.5 pm Ge: 1.5 pm — Ge: 0.5 pm Ge: 1.5 pm
— Ge:1pum = Ge:2 pm — Ge:1pum = Ge:2 pm
7 7 7 7
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Figure 7. Dependence of the bandwidth on the thickness of the absorption layer versus referenced
bias voltage. The insets show the drift velocity for the electrons 9, and for the holes 9 through
the center of the devices at Vbret= -2 V. Two different multiplication and absorption layer doping
concentration densities were simulated: (a) 1 x 10> cm™3; (b) 5 x 10'> cm™2.

The dependence of bandwidth on the gain and build-up time near the breakdown
voltage is more significant than the dependence of bandwidth on transit time. This rela-
tionship can be expressed as BW = (2rMt)™" [36], where M denotes multiplication gain
and 7 is the avalanche build-up time. Consequently, the increase in the absorption layer’s
thickness results in an increase in bandwidth due to the higher gain achieved with the
thinner absorption layer near the breakdown voltage.

3.2.3. The Gain Bandwidth Product, Responsivity, and Quantum Efficiency

In Figure 8, the relationship between the gain bandwidth product (GBP) and reverse
bias voltage is demonstrated for various APD structures with differing doping concentra-
tions and absorption layer thicknesses. The findings indicate that the GBP is linked to the



Inorganics 2023, 11, 303

12 of 15

1310 nm

GBP (GHz) @ A

gain increase in the linear mode region due to a consistent bandwidth. Additionally, as
the gain grows nearer to the breakdown voltage, there is a significant increase that out-
weighs the drops in bandwidth caused by the growing avalanche build-up time. If we
examine the responsivity and internal quantum efficiency, thicker absorption layers
demonstrate increased values for both. This outcome is due to the fact that thicker absorp-
tion layers increase the likelihood of photon absorption, resulting in a larger number of
electron-hole pairs. This generates more charge carriers that are available for the multi-
plication process, resulting in higher values of responsivity and internal quantum effi-
ciency.
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— Ge:l pm e Ge: 2 pm — Ge:l pm = Ge:2 pm
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Figure 8. The dependence of the gain bandwidth product (GBP), responsivity (R), and internal quan-
tum efficiency (QE) on the thickness of the absorption layer versus referenced bias voltage. Two
different multiplication and absorption layer doping concentrations were simulated: (a) 1 x 10 cm3;
(b) 5 x 105 cm3.

3.2.4. The Photodiode Spectral Response

The dependence of the internal quantum efficiency (QE) on the thickness of the ab-
sorption layer versus the wavelength at the biasing voltage corresponding to unity gain is
illustrated in Figure 9. It is evident that all structures exhibit a comparable spectral re-
sponse for incident light with wavelengths less than 0.7 um, as the majority of photons
are effectively absorbed in the silicon material. Moreover, these structures share the same
silicon layer thickness.

On the other hand, the spectral response is highly influenced by the thickness of the
Ge absorption layer for incident light with wavelengths ranging from 0.7 um to 1.6 pm.
As the thickness of the Ge absorption layer increases, the quantum efficiency also in-
creases due to the increased number of absorbed photons. Figure 9a,b demonstrate that
modifying the doping concentration of the multiplication and absorption layers does not
impact the spectral response. This is attributed to the similar recombination rates along
the structure at the relevant bias voltage corresponding to unity gain. Consequently, in-
creasing the thickness of the absorption layer enhances the spectral response by capturing
a greater number of absorbed photons.
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Figure 9. Dependence of the internal quantum efficiency (QE) on the thickness of the absorption
layer versus wavelength at unity gain. Two different multiplication and absorption layer doping
concentrations were simulated: (a) 1 x 10> cm=3; (b) 5 x 10" cm™.

In summary, the dependence of various performance parameters on the thickness of
the absorption layer in a SACM Ge/Si avalanche photodiode has been investigated. It has
been observed that the gain, bandwidth, responsivity, and quantum efficiency show a
clear dependence on the absorption layer thickness. A thinner absorption layer results in
higher bandwidth, indicating a faster response to high-frequency optical signals. How-
ever, this also leads to a decrease in responsivity and quantum efficiency. By considering
factors such as breakdown voltage, GBP, responsivity, and quantum efficiency, we can
determine the optimal design for a SACM Ge/Si APD. Our simulations suggest that an
optimal configuration would involve a 0.5 um thick multiplication layer, a 1.5 um thick
absorption layer, and a doping concentration of 5 x 10'° cm™3 for both layers.

4. Conclusions

The separate-absorption-charge-multiplication (SACM) germanium on silicon ava-
lanche photodiode structure has been designed, modeled, and analyzed to investigate the
performance dependences on the doping concentrations and thicknesses of the absorption
and multiplication layers. These performance characteristics include breakdown voltage,
gain, bandwidth, responsivity, and quantum efficiency. The simulations were performed
by comparing various multiplication and absorption layers' thicknesses, whereas the
other structural and material parameters were left unchanged.

In general, optimizing the thickness of the multiplication and absorption layers in an
APD requires a compromise between gain, bandwidth, responsivity, and quantum effi-
ciency in order to balance the characteristics of the device. The dimensions that will ensure
optimal performance depend on the specific requirements for the device and the operat-
ing conditions. Based on our analysis and modeling results, we can deduce that an optimal
design for an SACM Ge/Si APD would feature a multiplication layer with a thickness of
0.5 um, an absorption layer with a thickness of 1.5 um, and a doping concentration of
5 x 10*® cm™3 for both layers.
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